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SUMMARY
Imidazoles are widely used as epoxy curing agents, producing 
resins with good high temperature properties. This thesis is 
concerned with certain aspects of the mechanism by which cure occurs
and is divided into five chapters, as follows:
Chapter 1 contains a general review of epoxy resin chemistry 
and the use of imidazoles as curing agents.
Chapter 2 deals with the preparation of a number of substrates 
used in this study, and also with the tritiation of a range of 
imidazoles and epoxides. Labelling patterns are interpreted using
3Hnmr spectroscopy.
In Chapter 3 details of a radio-tracer kinetic method for
following epoxide cure are presented. The induction period seen in 
the reaction between phenylglycidyl ether and a number of imidazoles 
is discussed in terms of the ability of 1-unsubstituted imidazoles 
to form hydrogen bonds and also in terras of the formation of a 
cocatalyst, with the 1:1 adduct being shown to be an effective 
catalyst for the reaction. The observed first order rate constant 
for 1:1 adduct formation is shown to vary with the initial 
concentration of imidazole used over a range of temperatures. Rate 
constants obtained at 95*C are interpreted in terms of the electron 
donating and withdrawing characteristics of substituents on the
imidazole ring. The reaction between the 1:1 adduct of 
phenylglycidyl ether and 2-ethyl-U-methylimidazole is also
il
discussed, and data obtained using an ultra violet 
spectrophotometric method interpreted in terms of a transition state 
involving attack of both the tertiary nitrogen and the hydroxyl 
hydrogen on the epoxide ring.
oThe reaction at 95 C between imidazole and a number of model
epoxides is discussed in Chapter 4. It is shown that, for a number
of these epoxides, the observed first order rate constant for 
formation of the 1:1 adduct varies with the initial concentration of 
imidazole used. Results are interpreted in terms of the
electronegativity of the groups adjacent to the epoxide ring.
In Chapter 5, the use of metal-1: 1 adduct complexes as curing 
agents is explored. Results obtained using an ultra violet
spectrophotometric technique are interpreted in terms of the 
stability of the complexes at the reaction temperature.
ill
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CHAPTER ONE
AN INTRODUCTION TO THE CHEMISTRY OF EPOXY RESINS
1.1 History of epoxy resins
1.2 Synthesis of epoxides
1.3 Formulation of epoxy resin systems
1.4 Properties of epoxy resins
1.5 Applications
1.6 Imidazoles as epoxy curing agents
1.7 References
1.1 HISTORY OF EPOXY RESINS
Epoxides are compounds containing one or more of the 
three-membered oxirane ring:
I I- c - - - c -V
The oxirane ring is highly strained, with bond angles of about 
60 , considerably less than the normal tetrahedral carbon angle of
109.5 , or the divalent oxygen angle of 110** for open-chain ethers. 
Because of this epoxides are reactive to many substances, 
particularly proton donors, so that reactions of the type shown 
below can occur:
-C H  C H- +  HX ------► -CH--------CHX
Such reactions allow chain extension and/or cross-linking to 
occur without the loss of small molecules such as water, i.e. they 
polymerise through a rearrangement reaction. Because of this, these 
materials exhibit a lower curing shrinkage than many other types of 
thermosetting plastics.
Epoxy resins are those resins prepared from epoxide-containing 
compounds having an average functionality of greater than one. 
These epoxides are converted into resins through the use of a 
so-called "curing agent". This may be a primary, secondary, or
tertiary aliphatic, or aromatic amine, a carboxylic acid or acid 
anhydride, etc.
Epoxy resins may be synthesised from precursors containing
either alkene groups or active hydrogen atoms. In 1920 McIntosh and 
1,2Wolford made plastics for application as coatings, moulding
powders, and waterproof impregnating materials by reacting phenol 
and cresol with epichlorohydrin ( 1-chloro-2,3-epoxypropane ) in the
3presence of catalysts. In 1926 Eisleb noted the reaction of
epichlorohydrin with secondary amines and subsequent
dehydrohalogenation with concentrated sodium hydroxide solution. 
4Blumer described in 1930 a composition for the manufacture of
coatings based on phenol-aldehyde compounds reacted with
5epichlorohydrin. Stallmann reported the production of
diglycidylamines from ammonia and epichlorohydrin in 1933. A year
6later, Groll and Hearne obtained a variety of diepoxides from 
chlorinated alcohols via dehydrohalogenation.
The epoxidation of alkenes was first reported by 
7Prileschajew in 1909, who used peroxybenzoic acid to prepare
epoxides from the oxidation of unsaturated compounds. Until the
1940s, this technique was used only to produce higher molecular
weight monoepoxides. Research during 1944-1948 by Swern and
8co-workers on the epoxidation of polyunsaturated natural oils led
to a wide commercial interest in the technique.
As previously stated, glycidyl ( 2,3-epoxypropyl- ) groups may
be added at the sight of active hydrogen atoms through the use of
epichlorohydrin. The first of the modern resins from
bisphenol A ( 2,2-bis(£-hydroxyphenyl)propane ) was not isolated
9until 1933 by Schlack . A year later he reported the reaction of
several diepoxides with organic and inorganic acids, amines, and
10 11mercaptans . Block and Tischbein extended his research, but
mostly worked with the low molecular weight diepoxides such as 
diglycidyl ether and butadiene dioxide,
12In 1936 Castan prepared an epichlorohydrin - bisphenol A
resin which, when reacted with phthalic anhydride, produced a
thermoset compound of commercial importance for the manufacture of
cast and moulded articles. In 1943 he patented work on the curing
13of phenolic epoxides with dibasic acids . Acid hardeners have
proved useful for the preparation of single-component compositions
with long pot life at room temperature. However, epoxy resin
technology has advanced mainly through the use of amine rather than
acid curing agents. In this field Castan studied the cure of
14phenolic epoxides with 0.1-5% alkaline catalysts
The larger epoxide molecules contain reactive hydroxyl groups.
Much of the early work on the preparation and utilisation of these
polyalcohols, particularly in coatings, was carried out by Greenlee.
Some of his important contributions to the preparation of these
alcohols are: the reaction of polyhydric phenols with
15polyepoxides ; the modification of phenol-epichlorohydrin
16condensates with glycerol or ethene chlorohydrin ; a description
of the solid resins formed by reacting bisphenol in varying
17,18proportions in the presence of an alkali ; a number of
thermosetting compositions derived from phenol-chlorohydrin 
19condensates ; and the reaction of an aliphatic diepoxide and a 
20dihydric phenol
He utilised these polyalcohols by esterifying them with drying
21 22 ,23oil acids , reacting them with phenol-aldehyde resins ,
2 4 ,2 5with amino resins , and with polyhydric phenols and primary or
26secondary amines
At this time researchers at Shell were investigating the use of
chemicals derived from propane. The propane derivatives of greatest
interest in epoxide chemistry are epichlorohydrin and allylglycidyl
ether. To convert these to resins, new acidic and basic catalysts 
2 7 - 3 3were discovered . For casting, potting, and adhesives,
monoepoxides were proposed as diluents and alumina as a reinforcing 
3 4 -  36filler
37In 1952 Furukawa and Oda reported the first polymerisation
of phenylglyciyl ether by heating the epoxide with sodium hydroxide
38or potassium hydroxide in a sealed tube. Noshay and Price later 
polymerised epoxides using triethylalurainium and aluminium 
isopropoxide-zinc chloride catalyst to produce isotactic and 
amorphous polymers.
In 1955 the four basic epoxy resin manufacturers in America, 
Shell, Bakelite, Ciba, and Devoe and Reynolds agreed to 
cross-licence epoxide patents. During the period from 1955-65 there 
was a great improvement in resin quality and 
epichlorohydrin-bisphenol A resins were offered in virtually all 
possible molecular weights and grades. In about I960, tf-cresol 
epoxidised novolacs were introduced. These established clear 
superiority in a number of high-temperature applications.
By the beginning of the 1980s world capacity for epoxy resins
reached about 600,000 tonnes per annum, but plant utilisation was
only about 50-60%. With a global consumption of about 10 million
tonnes per annum for thermosetting plastics, epoxy resins had a 3%
39share of the market
1.2 SYNTHESIS OF EPOXIDES
Epichlorohydrin is derived from propene by the sequence of 
reactions shown below:
CH^=CH-CH^ 4- C l^  ^  CH^=CH-CH^Cl -f- HQ
propene allyl chloride
CH2=CH'CH^a - f  H^O/Cl^ ► Cl-CH^-CHIOHI-CH^Q
dichlorohydrin
A CKH.-CH(OH)-CH Cl +  NaOH ► CH^ CH-CH^Ü
epichlorohydrin
The production of epoxides from epichlorohydrin consists of the 
reaction of epichlorohydrin with a compound having an active 
hydrogen ( equation 1 ). This is followed by dehydrohalogenation 
with a suitable base ( equation 2 ),
/ \  OH
R-H 4 - CHg— CH-CHgU ------► R.CH-CHCH2Ü (1
OH
R-CHgCHCH^Cl +  NaOH ► RCH^CH— CH  ^+  NaQ +  H.0 (2)
Bisphenol A is the most common hydroxyl-containing compound 
used to prepare diepoxides. It is manufactured by the reaction of 
acetone and phenol ( equation 3 ).
HO
H^O
4-
1 'C— 0
CH.
+
CH
OH
(3 )
bisphenol A
One of the reasons why bisphenol A has been the preferred 
dihydric phenol employed in epoxide manufacture is that because both 
phenol and acetone are readily available and bisphenol A is easy to 
manufacture, it is comparitively inexpensive. Bisphenol A reacts 
with epichlorohydrin to produce, via equations 1 and 2, diglycidyl 
ethers of the type shown below:
/ 0 \
CH2-CHCH2
CH: OH
O0-C“O>OCH2CICH2
CH3
ACH3oOf'0OCH2CH-CH2
CH3
The diglycidyl ether of bisphenol A ( BADGE ) may be prepared
40conveniently by a procedure in which the epichlorohydrin ( 15
moles ) and bisphenol A (1.5 moles ) are heated at 99-119*C for 3.5 
hours, while kO% aqueous sodium hydroxide ( 3.0 moles ) is added. 
During the reaction, water and epichlorohydrin are distilled from 
the mixture and the condensed distillate is separated into a lower 
epichlorohydrin layer ( which is returned to the reaction mixture ) 
and an upper aqueous layer. After an additional fifteen minutes at 
the reaction temperature to complete removal of water, residual 
epichlorohydrin is recovered by distillation, first at 150*C and 
atmospheric pressure and then at 200*C and 2mm Hg. Salt is 
separated from the crude product through addition of toluene, 
followed by filtration and distillation to remove the toluene. The 
product, obtained in 96.9% yield, has an epoxide equivalent of 192 
and contains about 0.52% chlorine.
The epoxide equivalent is a measure of the amount of epoxide 
groups present in a commercial epoxide. It is the weight of 
epoxide ( in grammes ) containing 1 gramme chemical equivalent of 
epoxide. For pure BADGE, with two epoxide groups per molecule, the 
epoxide equivalent will be half the molecular weight, i.e. 170,
Normally, addition of the R-group in equation 1 is at the least 
substituted carbon ; however, a measurable percentage occurs at the 
most substituted carbon, producing a 1,3-chlorohydrin which is not 
subject to ring closure. Thus the epoxide contains "bound" chlorine 
in the form of chloromethyl- groups as well as some "active" 
chlorine present as 1,2-chlorohydrin resulting from incomplete
10
dehydrohalogenation. Formation of 1,3-chlorohydrin can be minimised
by using an initial reaction temperature of 30*C and increasing it
o O 41to 85 C at the end . During the course of the reaction, the
newly formed epoxide groups may react with available phenolic 
hydroxyl groups to produce the n = 1 species and higher homologues. 
For this reason a substantial excess of epichlorohydrin is used.
Commercial BADGE is a blend of various degrees of
condensation ( n numbers ). Typically, it contains about 68% n = 0,
4210% n = 1, and 2% n = 2 . BADGE may be distilled under reduced
pressure to produce the n = 0 species. This may then be used at 
about 0.3% to seed BADGE diluted with 10% butylglycidyl ether to
produce, after three days at low temperature, a 65% yield of pure,
43crystalline n = 0 product
Several other polyhydroxy compounds have been used to prepare 
glycidyl ethers apart from bisphenol A. The aromatic-based epoxides 
can be divided into three classes: those based on mononuclear
phenols ; those based on binuclear phenols ; and those based on 
polynuclear phenols. As with bisphenol A, these epoxides are 
synthesised by reaction with epichlorohydrin in a caustic medium. 
Representative of mononuclear di- and tri- hydric alcohols are:
OH OH
OH
1,2 -dihydroxybenzene
OH 1,4-dihydroxybenzene q|^
■OH H O ^ ^ O H
1,3-dihydroxybenzene 1,3,5-trihydroxybenzene
11
The synthesis of the diglycidyl ether of 1,3-dihydroxybenzene 
44.45has been reported as has the epoxidation of chlorinated
461,U-dihydroxybenzenes . The triepoxidation of
1,3,5-trihydroxybenzene has proved difficult. If sufficient
epichlorohydrin is used to react with'all three phenolic hydroxyl
groups, a diepoxide results and the remaining phenolic hydroxyl group
reacts with the newly formed epoxide to produce a polymerised
47material during dehydrohalogenation
The two-step epoxidation of saligenin, which contains both an
48aliphatic and an aromatic hydroxyl, has been reported , as has
49the epoxidation of vanillyl alcohol
Dihydric diphenols with a single carbon atom between the rings
are the most popular commercially because they are available from
any aldehyde, many ketones and any phenol having an open ortho- or
para- position. As many as eighty four representative bisphenols
50are described by Erich
51Novolac epoxides are prepared by the reaction of phenol and 
methanal in acid solution. Under these conditions there is a slow
reaction to form the ortho- and para- hydroxyraethylphenols:
OH
H" HCHO  and
12
Condensation rapidly occurs to form products of the 
bis(hydroxyphenyl)methane ( HPM ) type :
CH^ OH
OH
H0<( )>CH2\ ( ^ 0H
bisphenol F -HPM)
The simplest novolac is bisphenol F, with novolacs ranging
upward in molecular weight to compounds containing 10-12 phenolic
hydroxyl groups. The novolac-based epoxides are synthesised by
reaction with epichlorohydrin in the same way as are the bisphenol A
epoxides. The number of phenolic hydroxyl groups, the extent to
which they are reacted, and the extent to which the lower molecular
weight species are polymerised during synthesis determines the
number of glycidyl groups per molecule in the epoxide. If complete
epoxidation occurs, steric factors prevent all the epoxide groups
52reacting during cure
In addition to phenol, alkyl-substituted phenols such as
2-methylphenol may be used to produce a novolac. With at least four
carbon atoms present in the alkyl group, these novolacs can be
53epoxidised to yield alkane-soluble products , If the novolac is
based on a chlorinated phenol, cured compositions having flame
54resistance can be obtained . The novolac may also be partly
55 56esterified before or after epoxidation for use in ester
coatings.
13
Aliphatic glycidyl ethers are prepared by the reaction of 
alcohols with epichlorohydrin followed by dehydrohalogenation. 
However, yields are lower than those obtained using bisphenol A. 
During the initial reaction of the alcohol with epichlorohydrin, a 
new aliphatic alcohol is formed. This can react with another 
molecule of epichlorohydrin prior to dehydrohalogenation, producing 
a pendant chloromethyl- group. This reaction can be used to produce 
epoxides with high chlorine contents. Epichlorohydrin is reacted 
with water or an alcohol to produce the chlorohydrin intermediate. 
This is then reacted with additional epichlorohydrin and 
dehydrohalogenation is carried out when the desired chain length is 
reached
Glycidyl esters are prepared by two methods. The acid groups 
can be reacted with epichlorohydrin in the presence of a 
catalyst ( for example, a tertiary amine or benzyltrimethyl ammonium 
chloride ) followed by dehydrohalogenation with concentrated sodium 
hydroxide, or sodium hydroxide can be added to the acid to form the 
salt which is then reacted with epichlorohydrin. Maerker al 
have reported the synthesis of a series of aliphatic diglycidyl 
esters,
Glycidyl amines have been prepared from aliphatic and aromatic 
primary and secondary amines using epichlorohydrin. Those based on 
aromatic amines are generally stable, but the lower alkyl glycidyl 
amines are unstable.
1U
Multifunctional epoxides can be prepared by the reaction of
monoepoxides with themselves or other compounds in such a way that
the epoxide remains intact during the reaction, instead of being
regenerated, as in the case of epichlorohydrin. Unsaturated
monoepoxides may be homopolymerised through the unsaturation to
produce polyepoxides. Typical of this type of epoxide is
59poly(allylglycidyl ether) . Unsaturated monoepoxides can also be 
copolymerised with many other unsaturated compounds to produce 
polyepoxides.
15
1,3 FORMULATION OF EPOXY RESIN SYSTEMS
For a number of purposes, the use of unmodified epoxides has 
certain disadvantages. These include high viscosity, cost, and for 
some applications, too great a rigidity of the cured system. The 
epoxides are often modified by the incorporation of diluents, 
fillers, flexibilisers, and are sometimes blended with other resins.
A number of resinous modifiers are used in epoxy resin systems. 
They may be reactive towards the epoxide group or other functional 
groups present in the epoxide molecule, but are usually used in the 
presence of a curing agent. Polysulphide polymers, terminated with 
primary mercaptan groups and containing random mercaptan or 
hydroxyl groups along the chain, are amongst the most commonly-used 
of the resinous modifiers. In the presence of an amine the 
mercaptan groups are converted to raercaptide ions, which react with 
epoxides at room temperature. Polysulphides impart flexibility to 
the cured epoxy resin, giving these systems the properties of 
elastomers, although their heat resistance is limited and their
toughness less than that of many natural and synthetic rubbers.
Amine flexibilisers have been prepared by cyanoethylation of
amine curing agents, such as diethylenetriamine, so that only two
60active hydrogens remain . As the amine curing agent is replaced 
by the flexibiliser, mix viscosity is reduced, pot life is increased 
and the heat distortion temperature of the cured system is reduced.
Although there are similarities between the liquid
16
polysulphides and the amine flexibilisers, there are also important 
differences. The amines reduce the reactivity of the system, are 
compatible with a different range of room temperature curing agents, 
and have a lower level of odour.
Coal tar pitch and various liquid fractions are used in
large quantities. They are used in high loading volumes with
primary amine curing agents. The asphaltic materials derived from 
petroleum find use in coatings and low-cost casting formulations.
Silicone resins have been investigated as epoxy resin 
additives. Although they generally condense with hydroxyl groups 
present in the epoxide molecule, cure is effected independently with 
a curing agent
Other modifiers, both reactive and non-reactive are used in 
epoxy resin systems besides the resinous modifiers. The largest use 
of these additives is as diluents and fillers. The viscosity of 
many of the commercial epoxides is higher than desirable for
application in casting, adhesives, and laminates. Diluents are
low-viscosity liquids used to simplify handling of epoxide 
compositions by lowering their viscosity. Typical of the 
non-reactive diluents are pine oil and dibutyl phthalate. Pine oil 
is used in solventless coatings where it improves compatibility with 
certain types of modifiers. Dibutyl phthalate is useful because it 
can trans-esterify with available hydroxy groups and become
incorporated into the cured resin. The majority of the reactive 
diluents are low viscosity monoepoxides such as phenylglycidyl
17
ether, butylglycidyl ether and octene oxide. Because they have only 
one epoxide group, they act as chain-stopping elements to reduce the 
cross-linking density. They reduce heat and solvent resistance, 
and, sometimes, chemical resistance.
Diluents are particularly useful for systems processed at or 
near room temperature, but offer little advantage in hot-processed 
systems, as at high temperatures most epoxides become very fluid. 
Diluents are often used to allow incorporation of larger volumes of 
low-cost fillers in room temperature-processed systems.
Fillers used in epoxy resin formulations are finely divided 
inorganic powders, organic or inorganic hollow beads, or continuous 
or chopped organic or inorganic fibres. They are used to alter 
handling and cured properties and to lower costs. The inorganic 
powdered fillers can be divided into electrical and non-electrical 
grades. In the latter class are the metallic powders and carbon 
black. When used in suitable amounts these materials provide 
systems with electrical conductivity. The electrical grade fillers 
are those used in formulations having electrical insulating 
properties. Those compounds most often used are mica, silica, tale, 
and sometimes, aluminium oxide.
1.U PROPERTIES OF EPOXY RESINS
The main use of solventless epoxy compounds is to provide 
protection from external environments. With this in mind, the cured 
resin properties of greatest importance are thermal shock 
resistance, thermal conductivity, heat resistance, shrinkage, 
thermal expansion rates, flammability, and environmental resistance. 
Unreinforced epoxy resins are used as adhesives, and hence their 
adhesive strengths are important.
A large volume of epoxy casting resins is used in the
encapsulation of electrical and electronic equipment. Much of the 
electronic applications are to military specifications that require 
the equipment to function satisfactorily to -55*C. Even with small 
items, this can pose great problems. Because the embedded 
components have different shapes and varying thermal expansion 
rates, large stress concentrations are encountered.
Amongst the techniques used to improve thermal shock resistance 
has been the use of large amounts of filler. An improved method has 
been found in the use of a load-bearing fibrous filler, such as
glass cloth or mat, at critical areas of the design. A far more
satisfactory method for achieving thermal shock resistance is the
use of resin formulations providing good elongation and toughness, 
which can absorb stresses internally and transfer them efficiently 
from high to low stress areas.
19
Maximum heat resistance is obtained from highly crosslinked 
resin systems based on thermally stable reactants. That is,
functionality should be high, the distance between points capable of 
crosslinking should be as short as possible, and aliphatic chain 
portions should be minimised both in the epoxide and in the curing 
agent.
Resins based on bisphenol A are less satisfactory than the
epoxidised novolacs and some of the cycloaliphatic resins. The 
preferred curing agents are the alicyclic or aromatic anhydrides and 
the aromatic di- or polyamines.
Generally speaking, as the temperature is increased, epoxy 
resins suffer a decline in mechanical and electrical properties and 
in chemical resistance. This decline is linear up to near the
glass-transition temperature ( Tg ), above which the properties fall 
off more rapidly. Usually, increasing the temperature of an epoxy 
resin formulation will cause some additional cure, giving an overall 
improvement in physical strength and chemical resistance. The 
effect of temperature, for short periods, is reversible, apart from 
the additional cure, with the strength lost due to temperature being 
regained. However, permanent physical changes occur during 
prolonged high-temperature ageing. During the course of these
changes, small molecules are eliminated from the resin.
Epoxy resins, as with the majority of plastics, are poor 
thermal conductors. The thermal conductivity of epoxy resin 
formulations can be improved by the use of powdered fillers, such as
20
alumina or silica, or of metallic fibres. Thermal conductivity is a 
function of the volume of filler used, with the maximum conductivity 
being obtained when the largest possible volume of filler is used.
The shrinkage of unfilled resins depends on both the curing 
agent and the cure temperature. There are three types of 
shrinkage : that resulting from cooling, and that resulting from
chemical interactions in the liquid and solid phases. Shrinkage can 
be reduced by the use of fillers.
Most epoxy resin formulations have flammability characteristics 
ranging from slow burning to self-extinguishing. Non-burning 
formulations or resins with flame-out times of a few seconds can be 
prepared by using chlorinated, brominated, or phosphinated epoxides, 
curing agents or modifiers in combination with antimony oxide. The 
brominated resins are generally preferred.
The environmental resistance of epoxy resins depends on the 
specific formulation. As a rule, the resins having greater heat 
resistance also have greater chemical resistance. This also holds 
true for radiation resistance.
Most casting formulations have exceptionally good moisture and 
humidity resistance, with water pick-up from 3-6% at equilibrium. 
Adhesives and composites are, however, quite sensitive to humidity 
and moisture. Hot water is one of the most severe chemical 
environments for epoxy laminates.
21
Epoxy resins have exceptionally high adhesive strengths when 
properly formulated and tested below 100*C. Above this temperature 
strengths decline markedly.
22
1.5 APPLICATIONS
The largest application (>50% ) for epoxy resins is as coating 
64compounds . Solventless liquid coatings are used for concrete
65 66"68topping , paving material for roads, tennis courts, etc ,
and decorative applications. Formulations containing coal tar pitch
are used as coatings for the hulls of ships, pipe and tank linings,
and in general maintainance work. Solid epoxides are used by
fluidised-bed or flame-spray techniques for coating small, usually
electrical, parts. A further discussion of these coatings can be
69found in the literature . Epoxy resin solution coatings are used 
for coating laboratory and garden furniture; for floor and masonry 
coatings; for swimming pool paints and applications in marine 
environments; and for can and drum linings. Because of their 
excellent adhesive properties, epoxy solution coatings are found to 
be very good metal primers.
A high percentage of electronic potting and encapsulating 
operations are performed using formulations of liquid epoxy resins. 
Both single components and integrated packages are potted using 
these systems. The resins provide shock-resistant, environment- and 
temperature-proof seals, and structurally strong, unitised 
packaging.
In electrical applications, epoxy resins are used, almost 
exclusively, for the encapsulation of randoran-wound motors. 
Formulations are used for potting all types of transformers, except 
those where heat dissipation is a severe problem. Highly filled
23
systems are used for casting bushings which out-perform ceramics
with a considerable weight reduction.
In non-electrical applications, the epoxy casting resins are 
used in tooling applications, where they offer speed and ease of
manufacture, dimensional stability, light weight, and easy
repairability ; as prototypes and models ; and for vacuum-forming
moulds, etc. A large amount of liquid resin is employed as thin
sheet castings between television tubes and their contoured safety 
plates, thus making more compact designs possible.
The moulding compounds, when reinforced, are of high strength, 
have very good electrical properties, and heat resistance to about 
250*C. They are suitable for both injection and compression 
moulding. Their principal usefulness is in soft-flow transfer
moulding. At temperatures of 150-175°C, the soft-flow formulations 
become extremely fluid and can be transferred under only moderate 
pressure. Thus, low pressures permit the moulding of
pressure-sensitive electronic items.
The epoxides most commonly used for adhesives are the
condensation products of epichlorohydrin and bisphenol A,
Especially useful are the viscous liquid epoxides having equivalent
weights of 170-300, The epoxy adhesives are used for bonding
70metals, construction materials , and virtually all synthetic 
resins apart from some non-polar thermoplastics. They are employed 
in such diverse situations as bonding solar panels to satellites, 
copper sheet to laminates for printed circuit boards, metal studs to
2%
concrete, and as a replacement for leading in stain glass windows. 
Epoxy adhesives are used in the aerospace industry for metal 
bonding. Properly designed joints have proven to be superior to 
rivets in terms of fatigue resistance and ultimate strengths and, in 
many cases, they can replace welding and brazing in secondary 
structures, resulting in weight and cost savings.
Due to their superior fatigue and creep properties, excellent 
chemical resistance, and good high temperature properties, epoxy 
resins hold a large share of the aerospace, hydrospace, and 
specialised military market for composites. In the airframe 
industry, epoxy resin-glass cloth laminates are used extensively for 
secondary structures such as wing fairing surfaces, fin tips, fuel
ducting, radomes, etc. In the missile industry, filament winding
has allowed low-cost, lightweight reinforcement of tubular wall 
thrust chambers and epoxy resins are used for the construction of 
rocket motor cases for, amongst others, the Polaris, Pershing, and 
Minute Man missiles.
One of the most common epoxides used in laminates is BADGE,
The short distance between the epoxide groups and the intervening
ring structure promotes a stiff, strong, heat-resistant resin. 
Curing with diaminodiphenylsulphone results in one of the strongest, 
most heat-resistant epoxy systems known in laminating.
Chopped rovings and mat, along with glass cloth, is used with 
epoxy resins to produce figures and fixtures. Epoxy composites have 
proved suitable for the repair and re-working of other glass-fibre
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composites. They have attracted interest in low-volume commercial 
applications, many of these being in the sports field, for example, 
golf clubs, arrow shafts, shotgun barrels, fishing rods, etc. 
Epoxide composites containing aluminium powder, steel filings, or 
calcium carbonate have been used to produce a sculptural material.
Epoxy resin foams have been prepared, either by chemical 
techniques or through the use of hollow, spherical, organic or 
inorganic fillers. Chemical foams are produced by the action of a 
blowing agent, such as trichlorofluoromethane, which liberates a 
gas, which produces bubbles locked into the system, during cure.
Large quantities of epoxidised oils are used as stabilisers for 
chlorine-containing plastics, especially poly(vinyl chloride). 
Epoxy resins have been used in inks, photographic emulsions, as 
tanning reagents for white leather and as dye-receptive modifiers 
for isotactic polypropene.
26
1.6 IMIDAZOLES AS CURING AGENTS
Imidazoles were first introduced as epoxy curing agents by 
Houdry Process and Chemical Co. in 1965, 2-ethyl-U-
methylimidazole ( EMI ) being used. It was claimed to give 
laminating, filament-winding, and casting resins an attractive 
combination of heat resistance and processing advantages. While its 
properties made EMI competitive with aromatic amine curing agents 
such as 1,3-diaminobenzene, it was found to be effective in far 
lower concentrations ( 1-10 parts per 100 parts epoxide ) than any 
other hardener for filament winding applications. For example, 
aromatic amines are usually used in 13-30 parts per 100 parts 
epoxide. Pot life, although dependent on concentration, was found 
to be longer than that of amines. The imidazole also lessened the 
problems of staining and toxicity associated with the use of
1,3-diaminobenzene. The most important property of the imidazole 
was to raise the useful temperature limit of the resin without 
raising the curing temperature -or, conversely, to lower the curing 
temperature needed to produce a resin with given thermal properties. 
For example, heat deflection temperatures ( HDT ) above 300*F were 
obtained by a 158*F initial cure and a 300*F post cure cycle. 
Aromatic amines, using a cure cycle of 1?6*F and 320®F generally 
have HDT8 below 300®F,
Shell Research patented the use of 1-substituted imidazoles as 
72curing agents in 1967 . The patent covered n-alkyl imidazoles in
which the alkyl group bound to the nitrogen atom contained 1-12 
carbon atoms. They also used the imidazoles in combination with
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other curing agents, such as polycarboxylic anhydrides.
2-Ethyl-4-methylimidazole ( EMI ) is probably the most 
extensively used of the imidazoles. EMI is employed to cure resins 
used in a wide range of applications, for example, as 
adhesives , in composite formulations^^ , chemical plating
resist inks ^ , and electrically insulating varnishes^^ , An
epoxide cured with EMI has been shown to have a higher bond strength 
to aluminium than an epoxy cured with compounds such as dicyanamide 
or BFg-amine complexes^^
Substituted l-(cyanoethyl)imidazoles have been used as epoxy
curing agents, especially in formulations containing a powdered
electroconductive filler to produce electroconductive
. 7 9 -8 1adhesives , Substituted imidazolines have been employed to
8 2 83 “ 85cure epoxides used in laminates , coatings , and for
86-88adhesives . Imidazoliura salts, particularly the substituted
iraidazolium tetraphenylborates®^’^ ^ , have been extensively 
employed as curing agents. These salts have been used in a variety
of compositions for such applications as asphalt and concrete road
 ^ 91 92repair , coating compounds , and fire- and heat-resistant
9 3 ,9 4resins , Substituted imidazolium halides have also found use
 ^ 9 5 ,9 6as curing agents
Imidazoles are often reacted with other compounds prior to
their use in epoxy compositions. Sometimes they are reacted with
polyfunctional epoxides to yield solids which can then be pulverised
97 98and used as curing agents ' , One problem which epoxy resin
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compositions containing imidazoles suffer from is their relatively
short pot life. The pot lifes of such compositions has been
lengthened in several ways, all of which involve modification of the
imidazole prior to its use. One method has been to use
99 —102imidazole-metal complexes as the curing agent . Imidazole
,  ^ 103-105 1 0 6 -1 0 8salts of organic acids and metal imidazolates have
been used in a similar way. SO2 adducts of imidazoles have also 
been used as latent curing agents and acid stabilisers*^^
Other imidazoles used as curing agents include
benzimidazole^^'^^^ , 2-(C^_2-j alkyl)- and 2-phenylimidazole
113-119 . , ., and substituted 1-[2-(4,6-diamino-^-triazin-2-yl)-
120 191ethyl]imidazoles '
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2.1 INTRODUCTION
2.1.1 PROPERTIES AND USES OF TRITIUM
Since the discovery of tritium in 1934 by Rutherford and
co-workers and the subsequent determination of its radioactive 
2nature , it has been used extensively as a label in organic
compounds and a tool for studying reaction mechanisms in solution. 
Tritium emits low energy pure /3-radiation with an average energy of
5.7 KeV, a half-life of 12.35 years and a maximum penetration in air
3of 6mm .
Tritium is produced naturally in the upper atmosphere from 
nuclear reactions initiated by cosmic radiation, finding its way to 
the earth's surface in rain water. Artificially, tritium is 
produced by bombardment of lithium-6, in the form of an alloy with 
magnesium or aluminium, with neutrons ( equation 1 ).
(,)
Some of the tritium may be retained in the form of the tritide, 
which can be liberated with acid.
Tritium is one of the least toxic of all radioisotopes and,
because of its low energy, can be handled safely in most research
4 ” 6laboratories with only modest precautions
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2.1.2 TRITIUM NUCLEAR MAGNETIC RESONANCE (^Hnmr) SPECTROSCOPY
In reaction mechanism studies, one of the essential
requirements when using a tritium-labelled substrate is a knowledge
of the precise distribution of label in the compound. Traditional
chemical degradation methods for determining labelling patterns
are very time consuming, but with the advent of nuclear magnetic
8,9resonance spectroscopy in 1945, and its rapid development,
particularly in the field of pulsed Fourier transform, there now
3exists a 'non-destructive' analytical method, Hnmr, for determining 
labelling patterns.
Some properties of hydrogen and its isotopes are given in Table 
2.1, showing that tritium is an ideal nucleus for nmr study. 
Naturally, however, the radioactive nature of tritium hindered the
3development of Hnmr for a number of years until safe handling 
procedures had been devised. With these problems resolved, it 
became apparent that the radioactivity of tritium would be an asset, 
enabling the combination of nmr and liquid scintillation techniques 
in the study of many aspects of chemistry and biochemistry.
3Hnmr is capable of giving all the usual information obtained
from conventional Hnmr spectroscopy, and sometimes displays useful 
11advantages , Its main features are summarised below:
1. The tritium nucleus has a high raagnetogyric ratio and 
subsequent high sensitivity to detection ( about 21% above that of a 
proton ). Less than 0.3mCi of radioactivity per site can be
38
detected using a pulsed Fourier transform nmr spectrometer operating 
with quadrature detection.
2. The tritium nucleus has a spin 1/2 and the relaxation rates
3 1for H in compounds are comparable to those for H so that
1 2individual signals are very sharp; as for H and H, the integrated 
signal intensities are directly proportional to the number of nuclei 
present in a compound.
33. No H internal standard is necessary for operation with a 
field-frequency locked spectrometer: or from the normalI on a OSS
1 3H reference is multiplied by 1.066639740 to provide the ghost H
reference.
34. Very simple H spectra are obtained because:
(a) decoupling is carried out, and
(b) in general, no coupling is observed since the tritiated 
molecules rarely contain more than one tritium atom.
35. On a ppm. basis, H chemical shifts are virtually the same as
shifts so there is no new interpretative problem and the vast 
Ifund of H data is directly applicable.
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Table 2. 1 Nuclear properties of hydrogen and its Isotopes10
ISOTOPE ATOMIC
MASS
NATURAL
ABUNDANCE
(%)
nmr FREQUENCY 
FOR 10KGAUSS 
FIELDC MHz )
SENSITIVITY(AT 
CONSTANT FIELD)
1,008 99.935 42.576 1.00
"h 2,014 1.5x10“^ 6.536 9.65x10"^
3.016 - 45.413 1.21
In conclusion, it is sufficient to say that Hnmr spectra may 
now be obtained using relatively small amounts of radioactivity, 
which, as a consequence of the magnetic properties of the nucleus, 
may be directly compared to the proton data, thus greatly 
simplifying interpretation. The individual signals are sharp and
3can be accurately integrated. The resolution in Hnmr spectroscopy
2 3is much better than in Hnmr spectroscopy, because of the higher H
resonance frequency, which is consequently of great advantage in the 
analysis of generally labelled tritiated compounds. The intensity 
of the tritium signal, in proton decoupled spectra, gives directly 
the relative amounts of isotope in each position. In some cases,
further stereochemical information may be obtained by measuring
3 1 3H- H couplings in Hnmr spectra without proton spin decoupling.
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2.1.3 SYNTHETIC METHODS FOR THE PREPARATION OF IMIDAZOLES
12Imidazole was first prepared by Debus , who reacted glyoxal
( ethanedial ) with ammonia. Japp and Radziszewski*^
discovered an imidazole synthesis involving the condensation of a 
dicarbonyl compound with an aldehyde and ammonia. Radziszewski 
prepared lophine ( 2,4,5-triphenylimidazole ) by reacting benzil 
( 1,2-diphenylethanedione ) with benzaldehyde and ammonia ( equation 
2 ).
Ph-C=0 NH3  H
4 - 0=C-Ph
Ph-C=0 NHo Ph
\)P h (2 )
He extended this method to the preparation of simpler imidazoles and
1 5 -  18demonstrated its general applicability
The condensation of an o<-ketoaldehyde with ammonia and
formaldehyde leads to the formation of a 4(5)-monosubstituted
imidazole, for example, 4(5)-methyl- and 4(5)-phenylimidazole have
been prepared from methyl- and phenylglyoxal, respectively, and 
19 -  21formaldehyde An c< -diketone may be combined with
formaldehyde or a higher aldehyde to give either a 4,5-disubstituted
22or a 2,4,5-trisubstituted imidazole . These condensations used 
to be carried out using alcoholic ammonia. This technique is 
unsatisfactory in many cases since the desired imidazoles are 
obtained in relatively small yields. For instance, negligible
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amounts of 4,5-diphenylimidazole are obtained from the reaction of
21 2 3benzil with formaldehyde in ethanolic ammonia ’ , However,
almost quantitative yields of this compound result when the
condensation is carried out in glacial acetic acid, with ammonium
acetate as the source of ammonia and hexamethylenetetramine as that
24of the formaldehyde . Excellent yields of 2-substituted 
imidazoles can be obtained by replacement of the
hexamethylenetetramine with an aldehyde.
Although the Radziszewski synthesis has been applied to the
preparation of a variety of imidazoles, it is rather limited in
scope. Weidenhagen developed an imidazole synthesis which was a
2 5 —27great improvement over the Radziszewski method . The
procedure is based upon the observation that tK-hydroxy ketones are 
quantitatively oxidised to the corresponding dicarbonyl derivatives 
by an ammoniacal cupric acetate solution. When carried out in the 
presence of an aldehyde, this process results in imidazole formation 
through the sequence of steps shown in equation 3.
CHgOH
R-C=0
oxidation
— ► Cu^
R
R -j- CuoS
H-C=0
R-C=0
H2S
NH-
NH.
V ,0=C-R
H r \
R R
Cu"
13)
The cupric ion first oxidises the hydroxyketone to a ketoaldehyde or 
a diketone, and is itself reduced to cuprous ion. The dicarbonyl
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compound condenses with the aldehyde under the influence of the 
ammonia, producing an imidazole which precipitates from the reaction 
mixture in the form of a sparingly soluble cuprous complex. 
Decomposition of this complex with hydrogen sulphide yields the free 
imidazole.
In addition to these main two methods, there are a number of 
other methods which have been used to prepare imidazoles. One of
these reactions involves the interaction of benzamidine with either
,  ^ 2 8 , 2 9  30an oc-halogenoketone or ancK-hydroxyketone (equation 4).
H
Ph-C-OH
Ph-C=0
HN^
- f  \ ~ P h
P h - ^
( 4)
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2.2 EXPERIMENTAL
2.2.1 MATERIALS
All the substrates obtained from external sources were of at 
least 9&% purity and after examination by ^Hnmr were used without 
further purification. Substrates prepared during the study were 
purified as a matter of routine.
2.2.2 PREPARATION OF SUBSTITUTED 4.5-DIPHËNYLIMIDAZ0LES
The substituted 4,5-diphenylimidazoles used in this study were 
prepared using the method of Davidson ^  ^  • Benzil
( 1,2-diphenylethanedione ) ( 0.01 moles ), ammonium acetate
( 0.1 moles ) and the appropriate substrate ( Table 2.2 ) 
( 0.01 moles ) were refluxed in glacial acetic acid ( 100ml ) for 
one hour. The reaction mixture was cooled to room temperature and 
poured into iced water ( 500ml ), causing the imidazole to be 
precipitated. The imidazole was recrystallised from a 1:1 
ethanol :water solution and dried at room temperature under vacuum. 
The structure of the product was confirmed using ^Hnmr spectroscopy.
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2.2.3 PREPARATION OF 2-(^-DIMËTHYLAMINOPHENYL)~4,5-DIMETHYLIMIDAZQLE
Butane 2,3-dlone ( 0.9g ), £-dimethylaminobenzalclehyde ( 1.5g ) 
and ammonium acetate ( 7.0g ) were refluxed in glacial acetic acid 
( 100ml ) for two hours. The resulting solution was poured into 
water ( 500ml ), to give a dark red solution. The crude product, 
together with some unreacted aldehyde was precipitated from solution 
by the addition of an excess of sodium carbonate. The precipitate 
was collected, and the crude imidazole separated from the aldehyde 
by dissolving the mixture in 0.5% acetic acid solution. This
solution was gravity filtered to remove the aldehyde and excess 
sodium carbonate was added to the filtrate to precipitate the 
imidazole. After collection, the imidazole was purified by 
recrystallisation from a 1:1 water:ethanol solution. The pure
imidazole was obtained in a yield of 1.2g ( 56% theoretical ) and
melted between 263-265*0. The structure of the product was
confirmed by ^Hnmr spectroscopy ( Figure 2.6 ). Elemental analysis 
gave C,72.42; H,8.14; N,19.27% requires C,72.51; H,7.96;
N,19.52% ).
2.2.4 PREPARATION OF THE 1:1 ADDUCT OF PHENYLGLYCIDYL ETHER AND 
2-ËTHYL-4-METHYLIMIDAZOLE
To a stirred, refluxing solution of 2-ethyl-4-methylimidazole 
( 27.5g ) in toluene ( 200ml ) was added, during the course of one 
hour, a solution of phenylglycidyl ether ( 37.5g ) in toluene 
( 50ml ). The mixture was refluxed for a further two hours and then
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cooled. The product was precipitated and washed with petroleum 
ether 40-60*, and dried in a vacuum oven at 40*C. The adduct was 
obtained as a viscous orange/yellow liquid in a yield of 41.7g ( 64% 
theoretical ). The adduct was purified by column chromatography 
using a silica stationary phase and 4:1 chloroform:methanol as the 
eluent. After elution, the solvent was removed under vacuum. The 
product was dried under vacuum at 40*C to leave a yellow viscous 
material.
2.2.5 PREPARATION OF THE 2:1 ADDUCT OF PHENYLGLYCIDYL ETHER AND 
2-ËTHYL-4-METHYLIMIDAZOLE
To a stirred refluxing solution of 2-ethyl-4-methylimidazole 
( 11g ) in toluene ( 100ml ) was added, during two hours, a solution 
of phenylglycidyl ether ( 30g ) in toluene ( 50ml ). The reaction 
mixture was refluxed for a further hour and allowed to cool. The 
product was precipitated and washed with petroleum ether 40-60* and 
dried under vacuum at 40*C. The 2: 1 adduct was obtained in a yield 
of 32.1g ( 78% theoretical ).
2.2.6 PREPARATION OF 1.3-BISPHENOXYPROPAN-2-OL
1,3-Bisphenoxypropan-2-ol was prepared using a modified version
31of the method of Berger and Lohse . Phenol ( 9.4g, 0.1 moles )
and phenylglycidyl ether ( 15g, 0.1 moles ) were reacted, together
with tetraethylammonium chloride ( 0,l8g ), at 160*C for three
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hours. On cooling, the crude product solidified. Recrystallisation 
from cyclohexane produced colourless plates ( yield 21.7g, 89%
theoretical ), mpt. 80-8l*C, m/z 244(M^). Elemental analysis gave 
0,73.83; H,6.71% ( C,gH,^Oj, requires 0,73.75; H,6.60%). (ODOI3),
2.82(3, 1H, -OH), 4.12(d, 4H, -OH , J=5.2Hz), 4.34(c, 1H, -OH),
6.86-7.36(0, lOH, aryl Hs).
2.2.7 PREPARATION OF FRESHLY REDUCED PLATINUM DIOXIDE
Platinum dioxide ( lOOmg ) was taken in distilled water 
( 100ml ) and sodium borohydride ( 400mg ) added slowly. The 
mixture was heated to 70*0 to complete the reduction. The catalyst 
was washed with water, which was then removed by washing with 
acetone. The acetone was removed, using nitrogen, immediately prior 
to the catalyst's use.
2.2.8 PREPARATION OF LABELLED COMPOUNDS
The tritium labelled compounds were prepared by either 
homogenous or heterogenous exchange with tritiated water ( Amersham 
International; 50Ci/ml ). Typically, a small amount of the 
compound ( 20-100mg ) was placed into a thick-walled tube together 
with the tritiated water (3-10yuL ). If the compound was a solid 
melting above the temperature used for labelling, dioxan ( 0.2ml ) 
was added to ensure intimate mixing of the compound with the water. 
If a heterogenous method was being used, pre-reduced platinum
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dioxide ( 10-100mg ) was added to the tube. The tube was cooled in 
liquid nitrogen, evacuated, and sealed. It was then heated at 
85-165*0 for between 12-48 hours. At the end of this period the 
tube was allowed to cool and the contents removed. Methanol ( 5ml ) 
was added to the contents ( to exchange labile tritium ), together 
with a small amount of decolourising charcoal. After heating for 
several minutes, the solution was filtered. The methanol was 
removed either by freeze-drying or blown off with nitrogen. 
Table 2.3 shows the experimental conditions used for the preparation 
of labelled compounds in this study and the specific activities of 
the labelled materials produced.
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Table 2.3 Experimental conditions used for labelling 
compounds and specific activities of products
COMPOUND QUANTITIES OF TEMP TIME SPECIFIC
MATERIALS USED (*C) (HRS) ACTIVITY
(mCi/mmol)
2-ethyl-4-methyl-
imidazole
substrate: 20mg 
HTO:
Pt cat.: 20mg
140 20 46
1-methylimidazole
substrate: 30mg 
HTO: 5/0.
Pt cat.: lOmg
165 27 31
1,2-dimethyl- 
imidazole
substrate: 50mg
HTO: 3^ 1 165 27 53
Pt cat.: 20mg
1-benzyl-2-methyl- 
imidazole
substrate: 50rag
HTO: 3/1 165 40 60
Pt cat.: 20mg
imidazole
substrate: 20mg
HTO: 5/1 85 48 130
Pt cat: none
Tab 1 e 2^^3Continued
5Ü
COMPOUND QUANTITIES OF 
MATERIALS USED
TEMP TIME SPECIFIC
(*C) (HRS) ACTIVITY 
(mCi/mmol)
2-phenylimidazole
substrate: 20mg 
HTO: 3 ^
Pt cat,: 20mg
150 48 30
1,3-dibenzyl-2-
methylimidazolium
bromide
substrate: lOOmg 
HTO: 10/1 
Pt cat.: 50mg 
dioxan: 200/1
140 24 87
2-methylimidazole
substrate: 50mg 
HTO: 5/1 
Pt cat.: 30mg
130 29 80
2-(p-dimethylamino 
-phenyl)-4,5- 
dimethylimidazole
substrate: 50mg 
HTO: 3y.a 
Pt cat: 20mg 
dioxan: lOC/1
100 24
Table 2.3 Continued...
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COMPOUND QUANTITIES OF TEMP TIME SPECIFIC
MATERIALS USED (*C) (HRS) ACTIVITY
(mCi/mmol)
1: 1 adduct of
2-ethyl-4-methyl- 
iraidazole and phenyl 
glycidyl ether
substrate; 50mg 
HTO: 5/ülI 
Pt cat: 50mg
110 24
substrate: 20mg
l-dodecyl-2-methyl HTO: ^ 1
-3-benzylimidazolium Pt cat.: 20mg
chloride dioxan: 200/1
110 12 21
benzil
substrate: 20mg 
HTO: 3/1 
Pt cat.: 20mg
dioxan; 200/1
140 24 20
phenylglycidyl
ether
substrate: lOOmg 
HTO: 10/1 
Pt cat.: lOOmg
165 27 49
32
Table 2,3 Continued,..
COMPOUND QUANTITIES OF TEMP TIME SPECIFIC
MATERIALS USED (°C) (HRS) ACTIVITY
(mCi/mmol)
diglycidyl ether 
of bisphenol A
substrate: 50mg
HTO: 3/1 150 24 12
Pt cat,: 30mg
1,2-epoxy decane
substrate: 50mg
HTO: 3/1 120 36 10
Pt cat.: 50mg
styrene oxide
substrate: 50mg 
HTO: 3/1 
Pt cat.: 30mg
120 48 1
_t-butylglycidyl
ether
substrate: 30mg 
HTO: 3/1 
Pt cat.: SOmg
120 30
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2.3 RESULTS AND DISCUSSION
The formation of an imidazole from a diketone, ammonia and an
aldehyde is thought to involve the production of a diamine 
2 4 ,3 2intermediate
2NHq +  .C -R   -  ,C-R +  HoO
 ^ 0" H^N ^
This intermediate then condenses with the diketone. Rearrangement 
of the product of this condensation yields the imidazole.
R~:::.0 H2N H R^NyH
4- C~R ——— I C—R +  2 H2 O
R 0 H2 N R
H
R < N \
-R
R . /
Figures 2.1-2.5 show the ^Hnmr spectra of the substituted 
4,5-diphenylimidazoles prepared during this study. An examination 
of these spectra shows that the imidazoles prepared are of a high 
degree of purity. Figure 2.6 shows the Vnmr spectrum of
2-(2-dimethylaminophenyl)-4,5-dimethylimidazole, which again was 
prepared in a high degree of purity. The peak atS = 3.27ppm is due 
to acetone and is present because of the incomplete deuteration of 
the dg-acetone used as the nmr solvent.
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Figures 2.7 and 2.8 show the H^nair spectra of the 1:1 and 2:1 
adducts of phenylglycidyl ether and 2-ethyl-4-methylimidazole. In 
the nmr spectrum of the 1:1 adduct, the ring hydrogen chemical shift 
appears as two peaks, 5=6.50 and 6.6lppm, as does the 4-methyl- 
protons' chemical shift, 5 =2.09 and 2.20ppm. This is due to the 
fact that the 1:1 adduct exists as two distinct isomers, (I) and 
(II).
H CH. H CH.
C^HgOCH2ÇHCH2-N^^N ^^^^N-CH2ÇHCH20C6H5
OH C2 H5  C2 H5  OH
( I )  (II)
When the 1:1 adduct reacts with another molecule of phenylglycidyl 
ether, the 2:1 adduct is formed. The ^Hnmr of this compound shows a 
singlet atS=6.6lppm for the imidazole proton and at ^  =2.17ppm for 
the 4-methyl- protons. It can be deduced from this fact that the 
second molecule of phenylglycidyl ether is attached to the other 
ring nitrogen, giving the products (III) and (IV). One would expect 
a rapid proton exchange between (III) and (IV), leading to an nmr 
spectrum showing just one resonance for the imidazole ring proton 
and the 4-methyl- protons.
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H CH:
C6H50CH2ÇHCH2-\^ ^^ N-CH2ÇHCH20C6H5
0© C2H5 OH
(III)
2:1 adduct
H
Cgh^ OCH2ÇHCH2-fl 
OH C2H5
CH2CHCH2OC5H5
n ©
(IV)
Table 2.4 shows the structures of the compounds labelled and
1 3the distribution of tritium in the molecule. The H and Hnmr 
spectra of the labelled materials are shown in Figures 2,9-2.25.
Fig. 2.1 ^Hnmr of M,5-dlphenylimidazole
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b.c.d
r
L
N-H
II 10 9 8 7 6 5 t 3 2 ’ 0 fc
Fig, 2.2 ^Hnmr of 2,4,5-trip^enylimidazole
0 s
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Fig. 2.3 ^Hnmr of 2-(o-methoxyphenyl)-M,5-diphenylimidazole
a,b,c,f
OMe
0 t
Fig. 2.  ^ ^Hnmr of 2-(£-nitrophenyl)-U,5-diphenylimidazole
N-H
TU T9 ~re T T ]7 T} -l0 bI
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Fig, 2.5 Hnmr of 2-(_2-dimethylamlnophenyl ) ,  5-diphenylimidazole
T 8 5 0 6II 6 210 7 3
Fig. 2.6 ^Hnmr of 2-(£-dimethylaminophenyl , 5-dlmethylimidazole
O ----/a-iJ.
1 1 1 0 9 8 7 6 5 * 3 I 0 6
Fig. 2.7 Hnmr of the 1:1 adduct of phenylglycidyl ether 
and 2-ethyl-M-methylimidazole
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CH
\ c d e
I ^ ^ - C H 2 Ç H C H 2 0
ÇH2
'CH,
L
C,d,e,k
r
b
i
1 V
"T ï-------- 12 1 C e
Fig. 2.8 ^Hnmr of the 2:1 adduct of phenylglycidyl ether 
and 2-ethyl-4-methylimidazole
r ~  Ha CH] r g
( ^ 0 C H 2 Ç H C H 2 ® N ^ -  CH2ÇHCH20/ 3 ' 
0 'CH_ OH ^
c,d,e,k
Il 10 -T---- 1--- f--- 13 2 I 0 b
Table 2.4 Distribution of tritium in the labelled compounds
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COMPOUND STRUCTURE TRITIUM
DISTRIBUTION
FIGURE
NUMBER
2-ethyl-M-methyl-
imidazole
H3C.
N. N-H
■C2H5
C-2(Et) 56% 
C-il(Me) 36% 
C-5(H) 8%
2.9
1-methylimidazole \iN-CH: C-2(H) 55% 
N-l(Me) 35%
2 . 10
1,2-dimethyl- 
imidazole %\iN-CH:
N-l(Me) 10% 
C-2(Me) 60% 
C-4(H) 15% 
C-5(H) 15%
2. 11
l-benzyl-2-methyl-
imidazole
N-CH2/  )
2T.. ^ ' C-4,5(H)93%CH3
2 . 12
Table 2.4 Continued
6 1
COMPOUND STRUCTURE TRITIUM
DISTRIBUTION
FIGURE
NUMBER
imidazole N-H C-2(H) 100% 2. 13
2-phenylimidazole
C-4,5(H) 88% 
C-7(H) M% 
C-8(H) 8%
1,3-dibenzyl-2-
methylimidazolium
bromide
CH,
C-2(Me) 2.5%, 
C-U,5(H) 17.5% 
C-6(Ph) 80%
2. 15
2-methylimidazole
4___ 5VCHg H C-2(Me) 38% C-4,5(H) 62% 2 . 1 6
Table 2.M Continued.
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COMPOUND STRUCTURE TRITIUM FIGURE
DISTRIBUTION NUMBER
2-(^-dimethylaraino CHq
N-H-phenyl)-^,5- N-3(Me) 100% 2, 17
dimethylimidazole
1 ; 1 adduct of
2-ethyl-U-methyl- C-5(H) 29%
O-b(Ph) 71%imidazole and phenyl
glycidyl ether
1-dodecyl-2-methyl
■12^25 C-6(Ph) 100%-3-benzylimidazolium
chloride
C-2(H) 50% 2.20benzil
c— c C-3(H) 50%
Table 2.M Continued...
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COMPOUND STRUCTURE TRITIUM
DISTRIBUTION
FIGURE
NUMBER
phenylglycidyl
ether
C-2(H) 37.5% 
C-3(H) 62.5%
2.21
diglycidyl ether 
of bisphenol A
- l"' c-KH) 67% 
C-2(H) 33%
2.22
1,2-epoxy decane CH3(CH2)6CH2CH--- CH2 C-KH) 9% 
C-2(H) 91%
2.23
styrene oxide ^  Vein— CH2
w  \ q /
C-2(Ph) 100% 2.24
t^butylglycidyl
ether
(CH^yCOCHgCH— ^ C H 2 C-M(Me) 100% 2.25
6U
Fig. 2.9(a) Hnmr of 2-ethyl-4-methylimidazole
T
\T 6 23U 10 5& 7 4
3 1 3Fig. 2.9(b) Hnmr( H decoupled) of [G- H]-2-ethyl~U-methylimidazole
0 b27 6 s 38to 9
1 1Fig. 2.9(c) Hnmr of [G-'H]-2-ethyl-4-methyliinidazole
0 b
Fig, 2.10(a) ^Hnmr of 1-methyLimidazole
d
N-CH:
t 0 s
3 1 3Fig. 2.10(b) Hntnr( H decoupled) of [G- H ]-1-mebhylimidazole
II K)
I 3Fig. 2.10(c) Hnmr of [G- H]-1-methylimidazole
1 0 8
bb
Fig. 2.11(a) Hnmr of 1,2-dImethylimidazole
N-CH
"i^ 9 6 T TM 10 6I7 23t
3 1 3Fig. 2.11(b) Hnmr( H decoupled) of [G- H]-1,2-dimethylimldazole
1 3Fig. 2.11(c) Hnmr of [G- H]-1,2-dimethyliniidazoIe
2 10 r.)T slo T9
67
Fig. 2.12(a) Hnmr of l-benzyl-2-methylimidazole
TIT 3II T9 6 6 tK) 7
3 1Fig. 2.12(b) Hnmr( H decoupled) of
[G-'^ H ]-1 -benzyl-2-methylimidazole
1 QFig. 2.12(c) Hnmr of [G- H]-1-benzyl-2-methyllraidazole
Fig. 2.13(a) ^Hnmr of imidazole
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b,C
b c/ \N-H
11 » 9 1 0 b
3 1 oFig. 2.13(b) HnmrC H decoupled) of [2-'^H]-imidazole
1 3Fig, 2.13(g ) Hnmr of [2- H]-itnidazole
Fig. 2.lU(a) ^Hnmr of 2-phenyllmldazole
69
b
f
N N“H
OFFSET 2 ppm
~i I I rb » 9 6
r> 1 oFig. 2.14(b) HnmrC H decoupled) of [G-‘H]-2-phenylimidazole
- d x
-T rn t 0 9 8  7 6 5 & 3
1 1 Fig. 2.14(c) Hnmr of [G- H3-2-phenylimidazoIe
~rK> T T7 0 fcII 6 5 3
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Fig. 2.15(a) Hnmr of 1,3-dibenzy1-2-methyllmidazoiium bromide
O M S G
lo T1T Tt,II 9 0 66 Z6 37
3 1 oFig, 2.15(b) Hnmr( H decoupled) of [G- H ]-1,3-dibenzyl-
2-meChylimidazoiium bromide
Fig. 2.15(c) Hnmr of [G- H]-1,3-dibenzyl-2-methylimidazolium
bromide
0 s
7 1
Fig. 2.16(a) ^Hnmr of 2-methyl imidazole
/ \
OFFSET Ippm
"o S
o 1 oFig. 2.16(b) Hnmr( H decoupled) of [G- H]-2-methylimidazole
1 3Fig. 2.16(c) Hnmr of [G-"H]-2-methylimidazole
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Fig. 2.17(a) ^Hnmr of 2-(£-dimethylaminophenyl)- 
M,5-dimethylimidazole
H
 /a u
I I I“" % T T 1 • 1 I i1 1 ( 0 9 »  7 6 5 & i 1 < 0 6
3 1 7Fig. 2.17(b) Hnmr( H decoupled) of ]-2-(£-dimethylaminophenyl)
-U,5-dimethylimidazole
1 1 ( 0 9 »  7 6 5 À ] 2 I O b
Fig. 2.17(c) ^Hnmr of [G-^H]-2~(£-dimethylaminophenyl)-M,5-dimethyl­
imidazole
HgO
4 li - I  L
“I-------r10 9 9 7 6 5 4 3 2 \ O S
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Fig. 2.18(a) ^Hnmr of the 1:1 adduct of phenylglycidyl ether 
and 2-ethyi-^-methylimidazole
I !
/ --- \  9 1 e
H3C
i  / O C H 2 Ç H C H 2 - f ^  
"OH %
I f e,( ,g,h
i II v_
Fig. 2.18(b) ^Hnmr(decoupled) of the [G-^H]-1:1 adduct of 
phenylglycidyl ether and 2-ethyl-U-methylimidazole
I 0 6
Fig. 2.18(c) ^Hnmr of the [G-^H]-1:1 adduct of phenylglycidyl ether
and 2-ethyl-4-methyliraidazole
T-rw T9II 6 5 Ti T3 Ô 67
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Fig. 2.19(a) ^Hnmr of 1-dodecyl-2-methyl-3-benzyiimidazolium
chloride
~r
II T x6 TIX4K) 9 0 627 35
T 1 OFig. 2.19(b) '^ Hnmr( 'H decoupled) of [G-'^ H]-1-dodecyl-2-methyl-
3-benzylimidazolium chloride
10 3 6II 7 C.6 5 23
1 3Fig. 2.19(c) Hnmr of [G- H]-1-dodecyl-2-mebhyl-3-benzylimidazolium 
chloride
Fig. 2.20(a) ^Hnmr of benzil
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b,c
H,0
_N
M  to I 0 6
3 Î 3Fig. 2.20(b) Hnmr( H decoupled) of [G- H]-benzil
-4 >r
II K ) 9 B  7 6 5 4 3 2  1 0 6
1Fig. 2.20(c) Hnmr of [G- H]-benzil
Fig. 2.21(a) ^Hnmr of phenylglycidyl ether
76
OCH2CH»
e^d
7 TI 0 6T7 Tlo T e sI
Fig. 2.21(b) ^Hnmr( decoupled) of [G-^H]-phenylglycidyl ether
1 1Fig. 2.21(c) Hnmr of [G~"H]-phenylglycidyl ether
7j 0 c.67 S
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Fig. 2.22(a) ^Hnmr of the diglycidyl ether of bisphenol A
II lo T e 7 s T 2 0 6I6 4
3 1 oFig. 2.22(b) Hnmr( H decoupled) of the [G-'^ H ]-diglycidyI ether of
bisphenol A
I I *  • • I I • • I 1 I 11 1 1 0 9 0 7 6 5 4 ) 7 1 0
1 3Fig. 2.22(c) Hnmr of the [G- H]-digiycidyl ether of bisphenol A
)I 10 I 7 76 5
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Fig. 2.23(a) Hnmr of 1,2-epoxy decane
CH3(CH2)7CH^^CH2
Tt 10 6T9 TzT e 4 3TII K) 6
Fig, 2.23(b) ^Hnmr(decoupled) of [G-^H]-1,2-epoxy decane
1 1 Fig. 2.23(c) Hnmr of [G- H]-1,2-epoxy decane
V
■T ■ ■ I I In w 9 *
AIJ-1
7 6 5 4  3 Z I 0 6
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Fig. 2.24(a) ^Hnmr of styrene oxide
C
II to 9 »a 67 S ] 24Q 1 1Fig. 2.24(b) Hnmr( H decoupled) of [G- H]~styrene oxide
* • ■ I i I I Ï I I I I1 1 1 0 9 8  7 6 5 4  3 2 I 0 £
1 3Fig. 2.24(c) Hnmr of [G- H]~styrene oxide
27 6 1 0 oK) 8 5II 9
8o
Fig. 2.25(a) Hnmr of t^-butylglycidyi ether
(CH^)^C0CH2CH— CH2
T 7 T2 0 6It T56B «
3 1 . 3Fig. 2.25(b) Hnmr( H decoupled) of [5-”H]-_t-butylglycidyl ether
■ I I > • I I I I I 1 " I" * 0  9 8  7 6 5 4  3 2 1 0 6
1 3Fig, 2.25(c) Hnmr of [5- H]-_t-butylglycldyl ether
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It can be seen from Table 2.3 that the labelling method used, i.e. 
heterogenous catalysis with pre-reduced platinum dioxide, was 
successful in producing tritiated compounds of reasonably high 
specific activities in the majority of cases. This method has 
allowed the incorporation of tritium in both alkyl groups ( for 
example, 2-ethyl~U-methylimidazole, Figure 2.9 ) and alkenic 
positions ( for example, the U,5-positions of 2-phenylimidazole, 
Figure 2.14 ). Incorporation of tritium at the 2-position of 
imidazole is very simple and can be achieved by a base-catalysed 
method, with hydroxide ion from the water acting as the catalyst 
(Table 2.4, Figure 2.13). The 4,5- protons are less acidic and 
require another method.
A number of epoxides have also been labelled satisfactorily 
using the pre-reduced platinum dioxide method. The epoxides were, 
however, subject to a considerable amount of degradation. This was 
probably due to the attack of HTO on the epoxide ring at the 
labelling temperature. Purification was easily achieved using 
preparative TLC on silica, with a 4:1 chloroform:methanol solution. 
The procedure used to label the epoxides could possibly be improved 
through optimisation of catalyst type, labelling temperature, use of 
a solvent, etc.
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3.1 INTRODUCTION
The first study of the mechanism of epoxy resin cure by 
imidazoles was carried out by Farkas and Strohm^ in 1968. These
authors used an infra-red spectrophotometric method to study the 
reaction between 2-ethyl-U-methylimidazole and phenylglycidyl ether. 
They found that the rate of reaction of the epoxide group with
2-ethyl-U-methylimidazole was faster than the rate of 
polymerisation, indicating that the imidazole becomes permanently 
attached to the polymer chain, and concluded that the initial step 
of the reaction of the imidazole with the epoxide was the attack of 
the secondary pyrrole-type nitrogen on the epoxide group to form a 
1:1 adduct (equation 1).
/ — \ / AN-H -H H;C CHCHiO
h^ N^-CH2CHCH20-((^  ^   N<^N-CH2CHCH20-(^^
C2H5 C2H5
1:1 adducf
This indicated that the true catalyst for the polymerisation
was the tertiary pyridine-type nitrogen, and this interpretation was
2supported by Dearlove’s observation that 1-methyliraidazole, in 
which the secondary nitrogen atom is blocked, was also an effective
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epoxy curing agent.
According to Farkas and Strohm, the second step of the reaction 
was the attack of the tertiary nitrogen on the epoxide group to give 
an ionic intermediate, the 2:1 adduct (equation 2).
vv ^OCHoCHCHrN 
OH
CHCHn
i 2 )
à
2 : 1  Qdducf
H CH:
CH2ÇHCH2'1i;^ N-CH2ÇHCH20^ ^
C2H5
The 2;1 adduct is stabilised through resonance because both 
nitrogens are equivalent, that is, they share the positive charge 
equally. The alkoxide thus formed is then capable of attacking 
another epoxide group, causing polymerisation to occur. Farkas and 
Strohm proposed that as the chain grew in length the alkoxide ion 
that was formed with each extension was stabilised by a bending of 
the chain so that the negatively charged alkoxide ion remained in 
close proximity to the positively charged nitrogen.
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The mechanism proposed by Farkas and Strohm was not revised
3until 1975, when Barton and Shepherd showed, using a differential 
scanning calorimetric method, that the original imidazole 
(2-ethyl-U-methylimidazole) and the 1:1 adduct of this imidazole and 
phenylglycidyl ether exhibited the same rates in their reaction with 
epoxide. This indicated that the same functionality, the tertiary 
nitrogen, was the reactive centre in each case. They also noted 
that the rate of adduct formation was higher than the rate of 
polymerisation. This led them to conclude that the imidazole was an 
early participant in the curing process and as a result became 
permanently attached to the polymer chain,
2Dearlove examined the reactivities of the ring nitrogens of
imidazole, pyridine, and pyrrole with epoxy resins and found them to 
be dissimilar. Pyrrole showed virtually no reactivity as a curing 
agent, whilst pyridine did, although to a lesser degree than 
imidazole. The lack of reactivity of pyrrole was attributed to its 
ring structure wherein the pair of electrons on the nitrogen are 
delocalised into the ring and are not readily available to enter 
into reaction (Figure 3»la). The reactivity of pyridine as an epoxy 
curing agent was attributed to the fact that the electron pair on 
its nitrogen is not delocalised into the ring to as great an extent, 
but rather is available for attack on the epoxide (Figure 3.1b), 
This evidence also indicates that it is the tertiary, pyridine-type 
nitrogen in imidazole which is the attacking entity in epoxy resin 
cure.
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Fig, 3.1 Some resonance structures of (a) pyrrole and (b) pyridine
(^ a) '----' '----' ®g " y  - y
H H H H H H®
">> O  ^  e û  "  û
©
,©< >
N "  "'Ng '^Nq
4Barton has suggested that the growth of the zwitterion from
the 2;1 adduct would be limited because of charge separation, and
that another probable propagation step is that proposed by Shechter 
5and Wynstra for tertiary amine catalysis in which the gegenion is 
converted into a separate ion pair by reaction with hydroxyl groups, 
and the ion pair then propagates by reaction with epoxide (equation 
3).
R'^rfCHgCHR +  (ŸOH  ► R'^hfCHgCHR 4- R"cP
0® OH
(3)
R''-0® -+- HgC CNR - - - - ►  R-OCH2CHR
O' CP
Barton's proposed mechanism for initiation and propagation of 
polymerisation in the cure of epoxide by 2-ethyl-U-methylimidazole 
is shown in Figure 3.2.
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Fig. 3.2 Barton’s proposed mechanism for epoxide cure by 
2-ethyl-U-methylimidazole
/ \
ÇH3
+  H2C- CHR -- ►  •■N^^^N-CH2ÇHR
C2H5 6 0 ^  C2H5 OH
(I)
I + H2C CHR ------ ► RCHCH7-N N-CH7CHR
\ o /  Ah X hs
(II)
II + H9C CHR -----------► Polymer
H3C
^ N ? C H 2  
I or II) C2H5 OH
II + R OH ---------► — N ® 2ÇHR + R'-O®
—vr~ 
(I I I)
I II  + HoC CHR ---------► Polymer\ o /
Ricciardi ^t ^  ' studied the curing reaction using a
Fourier transform infra-red spectrophotometric technique. They 
isolated seven adducts resulting from the reaction of phenylglycidyl 
ether with 1-methylimidazole, only one of which, the 1:1 adduct
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(IV), confirms the previously accepted idea of epoxy resin cure by
imidazoles. Four of  the structures were different adducts of
phenylglycidyl ether to demethylated 1-methylimidazole.
CH3-fC^N®CH2CHCH20-<^
(IV)
He also showed that imidazole is regenerated during the curing 
process, at temperatures of about 200*C, mostly by cleavage of the
3-N-C bond. The N-C cleavage could lead to demethylated products as 
well as regenerating the 1-methylimidazole. It was proposed that, 
at elevated temperatures, imidazoles may undergooC- or/3-elimination 
(Figure 3.3a). -elimination of the 1-substituent from either of 
the adducts or from the polymer may produce a ketone and regenerate 
the imidazole or imidazole derivative. Also, a Hofmann elimination 
could occur at any stage of the polymerisation (Figure 3*3b), with 
proton abstraction taking place by an inter- or intramolecular 
mechanism. This reaction would regenerate the 1:1 adduct as well as 
eventually producing the imidazole and ketone, accounting for bands 
in the l650-1770cmT* region observed during cure.
8 9Berger and Lohse ' studied the reaction of £-cresylglycidyl 
ether with both 2-ethyl-U-methylimidazole and 1-methylimidazole. 
They found a clear dependence between the age of reaction mixtures 
and their subsequent rates of polymerisation at elevated 
temperatures. They isolated 1,3-bis(U-methylphenoxy)propan-2-ol (V)
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from the reaction mixture and found that this compound, when used as
a co-catalyst, accelerated the polymerisation of £-cresylglycidyl
ether by imidazoles considerably.
HgC-^^OCHgCHCHgO^^^CHg 
OH 
(V)
Fig 3.3 Regeneration of imidazoles by (a)<<- or/3- elimination 
and (b) Hofmann elimination
a ) RCHCHo-N .Nk T
. z e l m M i m .  r c h =c h n N+HgO
R
/S-GliminaHon ^
R 0
b)
OCH9 CHR
RCHCHo-N ^Y H2C=(IROCHoCHR
i n
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3.2 EXPERIMENTAL
3.2.1 MATERIALS
The purity of the phenylglycidyl ether and the purchased 
imidazoles was checked by ^Hnmr spectroscopy prior to their use.
3.2.2 RADIO-TRACER KINETIC METHOD
In the majority of industrial applications, epoxy resins are 
used as solventless systems, that is, cure is carried out as a bulk 
reaction in which the curing agent is dissolved in the epoxide 
alone. It was appropriate, therefore, that this bulk curing 
reaction be studied. The concentration of the epoxide is much 
higher than that of the imidazole. It was, therefore, more 
practical to label the latter rather than the former otherwise very 
little change in the radioactivity of the epoxide would be observed. 
Consequently, labelled imidazoles were used, Tritiated imidazole 
(prepared as discussed in Chapter 2) was added to inactive material 
in approximately a 1:10 ratio. The required amount of this mixture 
was added to phenylglycidyl ether (2ml) in a round-bottom flask held 
at the desired temperature using a thermostatted oil bath. Aliquot 
portions (50^) of this solution were withdrawn at fixed time 
intervals and the reaction quenched by dilution and cooling with 
cold acetone (1ml). The reaction mixture was separated into its 
components using reverse-phase high performance liquid 
chromatography (HPLC). The HPLC system used, shown in Figure 3.%, 
comprised a Spectra-Physics SP8700 solvent delivery system, a 12cm 
stainless steel column packed with Spherisorb CDS 5 (^m porous
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silica spheres coated with a C^g alkyl) and a Nuclear Enterprises 
Isoflo 1 radioactivity detection system. Aliquot portions (20yul) of 
the quenched reaction mixture were injected onto the column , and 
the components eluted using isocratic mixtures of acetonitrile, 
acetic acid, and water containing 0.1% of the sodium salt of 
pentanesulphonic acid. After passing through the column, the eluent 
was mixed in a 1:3 ratio with a liquid scintillant (NE 260, Nuclear 
Enterprises). The resulting solution then passed through the 
Isoflo 1 radioactivity detector, where any species containing the 
tritium-labelled imidazole ring were detected. The electrical 
output of the Isoflo 1 was transmitted to an Apple lie computer, 
which analysed the signal and displayed the variation of activity 
(in counts per second) with time.
3.2.3 ULTRA-VIOLET SPECTROPHOTOMETRIC KINETIC METHOD
All u.v. kinetic measurements were performed using a Pye 
Unicam SP1800 spectrophotometer fitted with an electrically heated 
cell holder. The output of the instrument was analysed using a 
Sinclair Spectrum computer (program by Dr. G.J. Buist, Department 
of Chemistry, University of Surrey). The reaction mixture to be 
studied was placed in a silica cell (0.01-1cm path length, depending 
on the concentration of the imidazole used) at the desired 
temperature and the change in absorbance at 360nm with time 
monitored.
9%
Fig. 3.4 Block diagram of the radio- high performance liquid 
chromatographic system used for the separation and detection 
of labelled compounds
INJECTOR
SCINTILLANT
COLUMN HPLCPUMP
MIXER
COMPUTER
ISOFLO 1
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3.3 RESULTS AND DISCUSSION
Figure 3-5 shows a typical radio-hplc analysis of a
phenylglycidyl ether (PGE)/2-ethyl-4-methylimidazole (EMI) reaction 
mixture at various stages of the reaction. At the beginning of the 
reaction (a) only one peak is observed, due to [G- H]-EMI. After 30 
minutes at 85°C (b) the emergence of the 1:1 adduct can be seen.
After a further 20 minutes at this temperature (c) the presence of 
the 2:1 adduct is observed. Finally, (d) the existence of two 
further products, nominally the 3:1 and 4:1 adducts, can be seen. 
Identification of the 1:1 and 2:1 adducts was made by comparison of 
retention times with synthesised adducts. The area under a peak 
(i.e. counts) is directly proportional to the concentration of the 
substrate represented by the peak. Thus, by measuring the decrease 
in area of the peak due to the imidazole it was possible to follow 
the kinetics of 1:1 adduct formation. Using a spectrophotoraetric 
method, following the change in absorbance at>=306nm, it was also 
possible to gain some qualitative information about the reaction, 
although due to the complexity of the reactions occuring, no 
quantitative data could be obtained when using an imidazole rather 
than its 1:1 adduct as the curing agent. Figure 3.6 shows the 
variation of (a) counts and (b) optical density with time for two 
representative imidazoles, EMI and 1-methylimidazole (1-MeI). It 
was observed that for imidazoles having a free imino hydrogen, such 
as EMI, there was an induction period to the reaction where little 
change in the concentration of the imidazole occurred, whilst
1-substituted imidazoles, such as 1-MeI, showed no induction period. 
Figure 3.7 shows typical first-order plots for the reaction between
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Fig. 3.5 Radio-hplc analysis of the products of the reaction
between 2 -et hyl-4-methylimidazole and phenylglycidyl ether at 85*C
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Fig. 3.6 Variation of (a) counts and (b) optical density with time
for the reaction o f 2-ethyl-4-methyllmidazole and 1-methylimidazole
with phenylglycidyl ether at 85*C
2-ETHYL-4-METHYL IMIDAZOLE
(b)
6 0
4 0
COUNTS
(10=)
20
► 8 0  
TIME(MIN).
4 0
OPTICALDENSITY
(3 0 6 n m )
2
1
0 8 5 “TIME(MIN) 125T+■
1-METHYL IMIDAZOLE
(a) ( b )
6 0
4 0
COUNTS
20
%5----- B
TIME(MIN)
2
OPTICALDENSITY
0 T6 
TIME(MIN)
TOT
98
Fig. 3.7 Typical first-order plot for the reaction between (a)
2-ethyl-4-methylimidazole and (b) 1-methylimidazole with
phenylglycidyl ether at 85*C
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(a) EMI and (b) 1-MeI with PGE. After the initial induction period, 
the 1-unsubstituted imidazoles follow first-order kinetics, as do 
the 1-substituted imidazoles. It was discovered that the addition 
of propylene carbonate to the reaction mixture caused the induction 
period to disappear, whilst increasing the reaction temperature 
decreased its length. It was also found that the induction period 
disappeared if the reaction was carried out using an 'old' reaction 
mixture -i.e. the mixture resulting from a previous kinetic 
experiment to which was added a further amount of imidazole. These 
results have been interpreted in two ways. The first of these is in 
terms of the ability of 1-unsubstituted imidazoles to form hydrogen 
bonds, as shown in Figure 3.8. If association between imidazole 
molecules occurred, relatively few nitrogen lone pairs would be free 
to react. As the reaction progressed, however, the polarity of the 
reaction mixture would increase (due to the formation of charged 
species) causing breakdown of the hydrogen bonds, and releasing the 
imidazole molecules for reaction. Addition of propylene carbonate, 
with its high dielectric constant, increases the polarity of the 
reaction mixture sufficiently to stop hydrogen bond formation, thus 
no induction period is seen. Similarly, the 'old' reaction mixture 
contains charged species which will halt association between the 
imidazole molecules.
The ability of imidazoles having a free imino hydrogen to form 
hydrogen bonds is well known^^ . For instance, the melting point 
and boiling point of imidazoles are lowered considerably by the 
introduction of 1-substituents (Table 3.1). This lowering must be 
due to the lack of association in 1-substituted imidazoles.
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The determination of the molecular weight of imidazole and
U-methylimidazole by the vapour density method indicates that there
11 12is no association in the gaseous state ' . However, when the
molecular weights of these compounds are determined by cryoscopic or
ebulliometric methods in non-polar solvents, large deviations from
ideal behaviour are observed. For example, when determined
cryoscopically in benzene, 4-methylimidazole (0.6 molal) exhibits an
apparent molecular weight of almost twenty times the expected 
13formula weight . This behaviour is observed for a great number 
of imidazoles. However, substitution of the imino hydrogen by 
alkyl, aryl, acyl, or carbethoxy groups leads to compounds 
exhibiting little association. The high degree of association in 
imidazoles containing a free imino group in non-polar solvents also 
reflects itself in the dipole moments. The dipole moment of 
1-methylimidazole (3.5-3.8 Debye) when measured in benzene is 
virtually independent of concentration, in contrast to that of 
imidazole which varies to a considerable extent, as shown in Table
3.2^4 .
Fig. 3.8 Hydrogen bonding between 1-unsubstituted imidazoles
N-H* N—W - " N N-H
/ = \ _  / = \  —H - - * N N—H - - -
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Table 3..1 Melting points and boiling points of a number of
imidazoles
COMPOUND Mpt(*C) Bpt(°C)
imidazole 90 256
1-methylimidazole -6 198
U-methylimidazole 56 26U
1-phenyliraidazole 13 277
2-phenylimidazole 1U9 3U0
Table 3.2 Variation pf the dipole moment of imidazole in benzene
Mole Fraction of imidazole Dipole Moment(Debye)
0.005951 5.62
0.0011UO U.U2
0.000233 3.93
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No data is available concerning the polarity of phenylglycidyl 
ether, but it is felt that it must be fairly low, especially as it 
is reasonably difficult to dissolve imidazole using this solvent 
(the solubility of imidazole is high in polar and low in non-polar 
solvents). The second interpretation of the induction period is in 
terms of the formation of a co-catalyst. If, in the curing of 
epoxides, imidazoles were thought of as being of low reactivity, 
then, obviously, the presence of another compound capable of 
catalysing the reaction would increase the rate of cure. If, in the 
case of 1-MeI, this catalyst was formed rapidly at the beginning of 
the reaction, then no induction period would be seen. This is a 
possibility as it is known that 1-MeI:epoxide adducts are 
unstable and could, therefore, breakdown early in the reaction to 
produce the catalyst. If, in the case of EMI, formation of the 
catalyst was not as rapid, then it might be expected that an 
increase in the reaction rate would be seen as the concentration of 
the catalyst increased. Shechter ^  al^^ studied the reaction of 
primary and secondary amines with epoxides in alcoholic solutions. 
They found that the presence of the alcohol catalysed the reaction 
to a great extent and proposed that this was due to the formation of 
a hydrogen-bonded transition state, as shown below.
RoNH + HoC CHR' +  HOR'
-CHt— CHR' 
''■0^ 
ROR"
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R2N'CH2CHR
OH
OR©
R2N-CH2ÇHR
OH
ROH
Berger and Lohse ^  found a clear dependence between the age of
mixtures of £-cresylglycidyl ether (CGE) and imidazoles and their
subsequent rates of polymerisation at elevated temperature (Figure
3.9). They interpreted their results in terms of the formation of
low molecular weight products from the reaction of CGE and imidazole
which catalysed the polymerisation much more efficiently than
imidazoles by themselves. They isolated a hydroxyl- containing
product, 1,3-bis(4-raethylphenoxy)-propan-2-ol (V) which strongly
catalysed the curing reaction. It seems likely that catalysis by
this compound would occur via a similar mechanism to that proposed 
15by Shechter
OH
(V)
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Fig. 3-9 Conversion vs. time of polymerisation with 8 mole% EMI
Curve 1 : at 25 C
Curves 2 - 5 : ageing at 25°C (time on abscissa) followed by the 
polymerisation at 100°C : 2(10), 3(20), 4(30), 5(60 minutes)
80
40
80O 160 240ageing time (hours)
The amount of (V) found varied depending on the proportion of 
epoxide and imidazole used (Table 3.3). The amount found in 
CGE;1-MeI reaction mixtures (13-21.5%) was far higher than that 
found in CGE;EMI mixtures (0.1-1.5%). However, both Berger's work 
and work carried out in this study has shown that EMI is a more 
effective curing agent, in terms of reaction rate, than 1-MeI. As 
the 1-MeI:CGE reaction mixture contains a large amount of 
co-catalyst (V), there must be some other species present in the 
EMI:epoxide reaction mixture which is also capable of acting as a 
co-catalyst. The most obvious hydroxyl-containing species present 
is the EMI:PGE 1:1 adduct, which is formed in the first step of the 
curing reaction. To test its relative effectiveness, both the 1:1
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adduct and the equivalent PGE co-catalyst (i.e.
1,3-bisphenoxypropan-2-ol, 1,3-BPP) were added to EMI:PGE reaction
mixtures in varying amounts. Although several studies have been
made regarding the co-catalytic activity of alcohols on the
polymerisation of epoxides by tertiary amines^^ , no
investigation of the effect of hydroxyl-containing compounds on
imidazole catalysed polymerisation prior to the work of Berger and 
9Lohse has been found. These authors used propan-2-ol as a model 
for the hydroxyl unit found in most technical epoxy resins (VI).
ÇH3 ÇH3
H2C— CHCH20|O^ ÇHO^ 0CH2mCH20-<O)-C-<P>-0|-CH2CH-CH2
° CH3 OH ^H3
(VI)
CGE was found to polymerise at an increased rate in the 
presence of propan-2-ol, but an acceleration in rate was still 
noted. The effect of propan-2-ol on the rate of reaction for the 
EMI:PGE system was investigated in the present study. 1,3-BPP can 
be synthesised from the reaction of phenol with PGE in the presence 
of tetraethylammonium chloride. It was thought possible that this 
type of reaction might occur during cure, with imidazole acting as 
the base catalyst. For this reason, phenol was added to the 
reaction mixture in an attempt to increase the amount of 1,3-BPP 
present. The results of the addition of these alcohols on the rate 
of 1:1 adduct formation are shown in Table 3.4 and Figure 3.10. 
These results clearly show that the 1:1 adduct is a much more
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effective co-catalyst, at all but the lowest concentrations, than
1,3-BPP, It was noted that when the 1:1 adduct was used as the 
co-catalyst, simple first-order kinetics were observed from the 
beginning of the reaction, i.e. there was no induction period. 
However, in the case of both 1,3-BPP and propan-2-ol, although the 
induction period was removed, there was an acceleration in the 
reaction rate. These results indicate that in the EMI:PGE system it 
is formation of the 1:1 adduct, rather than 1,3-BPP, which is 
responsible for the increase in reaction rate. Propan-2-ol is a 
less effective co-catalyst than 1,3-BPP. Comparison of the 
structures of 1,3-BPP and (VI) would suggest that this compound is 
be a better model for the hydroxyl- containing unit than 
propan-2-ol. The addition of phenol has less effect than that of 
propan-2-ol. It seems likely, therefore, that formation of 1,3-BPP 
in the reaction mixture does not occur through the reaction of 
phenol and PGE, However, no other route for the formation of this 
compound is immediately obvious.
The induction period and subsequent acceleration in rate is 
probably best interpreted as a mixture of the two explanations. For 
1-substituted imidazoles, where no hydrogen bonding can occur, 
formation of the 1:1 adduct and other hydroxyl-containing species 
occurs immediately at the beginning of the reaction and thus no 
induction period is seen, but there will be an acceleration in rate 
as the concentration of the co-catalysts builds up. For 
1-unsubstituted imidazoles, where hydrogen bonding can occur, 
reaction is inhibited by the presence of these hydrogen bonds. 
After an initial period where little reaction occurs an acceleration
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in rate is seen due to both the co-catalytic effect of the 1:1
adduct and also due to the effect this species has on the polarity
of  the reaction mixture, causing breakdown of the hydrogen bonds.
Table 3.3 1,.3-bis(4-methylphenoxy)propan-2-ol content in the
o Sproducts of the CGE : imidazole, reaction (5 hours, .1.00 C)
CGE:Imidazole 
(molar ratio)
1,3-bis(4-methylphenoxy)propan-2-ol 
found (weight %) 
from CGE:1-MeI from CGE:EMI
1:2 13.0 0.1
1:1 16.5 0.2
2: 1 18.0 0.5
4: 1 21.5 1.5
12.5:1 19.3 -
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Table 3..4 Variation of k H^Ci with concentration of alcohol added, for
the reaction b etween 2-ethyl-4-methylimidazole .([EM.I]=0.054moli~^ )
and phenylglycidyl ether at 80°C
Alcohol [Alcohol] 
(10"^moir^ )
koBs (10"^  min"^  )
- - 1.62
propan-2-ol 3.0 3.95
11.0 5.92
18.0 6.50
phenol 3.6 2.35
20.0 5.16
36.3 6.62
1,3-BPP 1.3 4.33
5.7 7.05
18.0 8.84
1: 1 adduct 1.4 3.95
5.8 10.52
9.1 13.55
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Figure 3.10 Variation of observed first-order rate constant, koes, 
with concentration of alcohol for the reaction between 
2-ethyl-4-methylimidazole ([EMI]=0.054tnoll ^) and phenylglycidyl 
ether at 80*C
1:1 adducf
1,3-BPP
propan-2-ol
phenol
0 10 20 30
r l[Alcohol] (10 moll )
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For the reaction between both EMI and 1-MeI with PGE it was 
found that the observed first-order rate constant, koes » varied with 
the initial concentration of imidazole used. Tables 3.5 and 3.6 
show the data obtained for the EMI/PGE and the 1-MeI/PGE reactions, 
respectively. Representative data for the EMI/PGE reaction at 80*C 
are shown in Figure 3.11. As can be seen from this Figure, kggg 
appears to be approaching a maximum value. To find this maximum 
value a plot of l/kogs vs 1/[imidazole] was obtained. As before, 
representative data for the reaction between EMI and PGE at 80*C are 
shown in Figure 3.12. This plot is linear, with a positive 
intercept on the 1/koBs-&xis. This linear relationship existed over 
a range of imidazole concentration and also temperature, as shown in 
Figures 3.13 and 3.1%. At 95*C, there was no variation of koas with 
the concentration of EMI added , and this was true for all the 
imidazoles having a free imino hydrogen that were studied. However, 
the 1-substituted imidazoles, such as 1-MeI still showed a 
considerable variation of koes with concentration of the imidazole 
at this temperature. Data for two other 1-substituted imidazoles 
are presented in Tables 3.7 and 3.8, and Figures 3.15 and 3.16. The 
maximum value of kggg was calculated from the inverse of the
intercept of the plot of l/koes vs 1/[imidazole], at temperatures
o obelow 95 C for 1-unsubstituted imidazoles, and also at 95 C and
above for the 1-substituted imdazoles. This maximum value was
called k'. Tables 3.9 and 3.10 show values of k' obtained at a
orange of temperatures for EMI and 1-MeI, respectively. At 95 C, for
EMI, k' was equivalent to kogg. It will be noticed from Tables
3.5-3.8 that the maximum concentration of imidazole used was
-1approximately 1.2moll . This was because above this concentration
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the viscosity of the reaction mixture increased too rapidly for
samples to be taken. To show that extrapolation of the plot of
l/kggg vs 1/C imidazole] to the l/k^gg-axis was valid, results
19obtained using a differential scanning caloriraetric technique to 
follow the reaction between EMI (3.8moll^ ) and PGE were compared 
with predicted k^^g values obtained from the plots of 1/1^ obs vs 
1/[imidazole]. These data are shown in Table 3*11. It can be seen 
that there is reasonably good agreement between the two sets of 
data, especially as the temperature is increased.
The k' values shown in Tables 3.9 and 3.10 were used to produce 
the Arrhenius plots shown in Figures 3.17 and 3.18. The values of 
energy of activation, , and entropy of activation,obtained 
using these plots are shown in Table 3.12, together with values 
obtained by other authors. The negative value of the entropy of 
activation shows that there is a decrease in the entropy of the 
system when the 1:1 adduct is formed. This is reasonable, as two 
reactant molecules are used to form one molecule of product.
We have been able to show that the increase in k^^g with 
imidazole concentration is due to the presence of species produced 
during the reaction using the following procedure. An EMI/PGE 
reaction mixture, containing 1,0moll’^  of EMI, was allowed to react 
at 80° until all the EMI had been consumed. The value of kggg 
obtained was 12,05x10“^min“^  , A further 0.05raoir^ of EMI was then 
added to the solution and the reaction followed. Using this method 
a rate constant of kjjgg = 12.59x10"^min”^  was obtained for the 
reaction of O.OSmoll”  ^ of EMI with PGE. This value is much higher
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than the value obtained, .51x10'^min”' , when 0.05moll  ^ of EMI
was added to a fresh portion of PGE. This large increase in the 
value of kggg at an imidazole concentration of 0.05moll  ^ must be 
due to the presence of other species produced from the previous 
reaction of PGE with I.Omoll ' of EMI. The exact significance of 
the linearity of the plot of l/k^gg vs l/[imidazole] in terras of the 
mechanism of the reaction needs to be the subject of further 
research. It would be of interest to study the effect of higher 
adducts, such as the 2:1 adduct, on the rate of reaction, and also 
the changes occuring in the electrical properties (dielectric 
constant, etc) of the solution during cure, as this may also effect 
the reaction rate.
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Table 3.5 Variation of observed first-order rate constant, knAS,
with [EMIl for the reaction between 2-ethyl-4-methyl.imi.dazole and
phenylglycidyl ether
[EMI]
-2 -1 V(10 moll ) 75°C 80°C
2 “ 1 koQs(10""min
85*0
)
90*0 95*0
2.0 0.255 0.50 1.52 4.89 -
2.5 0.320 0.63 - - -
5.0 0.648 1.51 3.52 10.11 50.0
10.0 1.89 9.09 16.00 -
15.0 - 3.50 - - -
20.0 2.080 4.61 11.10 24.94 50.5
40.0 - - 16.03 - -
55.0 - 8.03 - - -
80.0 - 10.33 - - -
100.0 - 12.02 - - -
116.0 8.01 13.01 23.71 35.17 50.7
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Table 3. 6 Variation of observed first-order rate, constantk qbs.
with [1-MeI] for the reaction between 1-methylimidazole and
phenylglycidyl ether
[1-MeI]
( 10“^  moll"^  ) 80°C
k ofcs (10
85°C
-2.-1, min )
95° C 105°C
2.0 0.113 0.59 2.81 9.17
5.0 0.280 1.44 6.83 22.80
7.0 0.390 1.99 9.30 28.20
10.0 0.556 - 13.01 40.77
15.0 - 4.08 - -
20.0 1.083 - - -
25.0 - 6.33 28.51 98.73
60.0 4. 16 13.15 - 153.61
105.0 4.76 18.35 72.80 206.22
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Fig. 3.11 Variation of observed first-order rate constant, k 
with [EMI] for the reaction between phenylglycidyl ether and 
2-ethyl-4-methylimidazole at 80°C
CBS »
/|\
[EMI] (10'^molf^)
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Fig. 3.12 Variation of l/kggg with 1/[EMI] for the reaction between
phenylglycidyl ether and 2-ethyl-%-methylimidazole at 80 C
200
/|\
100
1/[EMI] (ImoMl
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Fig. 3.13 Variation of l/kg^g with 1/[EMI] for the reaction between 
phenylglycidyl ether and 2-ethyl~U-methylimidazole
T=75 C
400
300
200
100
T=85C
T=90C
T=95 C
50
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Fig. 3.14 Variation of T/k with 1/[1-MeI] for the reaction 
between phenylglyoidyl ether and 1-methylimidazole
T=85C
■—T=95 C
T=105C
1/[1-MeI] (ImoM)
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Table 3.7 Variation of observed first-order rate constant, kOBS L
with concentration of 1-benzyl-2-methylimldazole( 1-B-2.MeI) for 
the reaction between 1-benzyl-2-methylimidazole and 
phenylKlycidyl ether at 95° C.
[l_B-2-MeI](10"2moir^ ) k o B s  ( 10"^ min"^  )
8.9 0.654
18.0 1.260
26.0 1.596
67.0 3.772
105.3 4.545
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Table 3.8 Variation pf observed first-order rate constant, k 08S-Ï*
with concentration of 1,2-dimethyliniidazole (1,2-DMeI) for the 
reaction between 1.2-dimethylitnidazole and phenylglyoidyl ether 
at 95° C
[1,2-DMel3(10"^moir’ ) O^BS (10 ^min ^ )
7.7 0.54
14.6 1.01
17.3 1.08
41.7 2.56
82.6 4.34
125.1 5.57
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Fig. 3.15 Variation of l/k^gg with l/[1-B-2MeI] for the reaction
between l-benzyl-2-methyliniidazole and phenylglyoidyl ether at 95*C
200
150
100
l/kgbs
(min)
1/[1-B-2-MeI] (Imofb
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Fig. 3,16 V ari ation of l/k^e^ with 1/[1,2-DMeI] for the reaction
between 1,2-diraethylimidazole and phenylglyoidyl ether at 95*C
200
150
0 10 15
1/[1,2-DMeI] (ImoH)
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Table 3.9 Variation of rate constant, k ' , with temperature for the
reaction between 2-ethyl-4-methylimidazole and phenylglyoidyl ether
T(°C) k' dO'^min"^ )
75 17.0
80 19.2
85 32.8
90 40. 1
95 50.4
Table 3«10 Variation of rate constant, k*, with temperature .for the 
reaction between .1-methylimidazole and, phenylglyoidyl ether
T(*C) k’ ( 10“^ niin"^  )
80 3.27
85 4.40
95 13.81
105 33.04
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Table 3.11 Variation of rate constants obtained from a differential
19scanning calor.imetrio .technique . - , end of rate constants
calculated from the plots of 1/k^ag vs 1/[E.MI], k^ ^ ç with 
temperature for the, reaction between 2-ethyl-4-methyllmidazole
and phenylglyoidyl ether, [EMI]=3.Bmoll-1
T(*C) kogcC 10~^ rain"^  ) kû35 ( lO'^min”^ )
80 12.9 16.0
90 28.7 34.5
97 57.3 54.9
Table 3,12 Values of energy of activation, Ea « and entropy of 
activation, AS*, for the reaction of phenylglyoidyl ether with 
2-ethyl-4-methylimidazole and 1-methylimidazole.
COMPOUND EatKJmol'l) A S^CJK”’ mol”  ^) REF.
EMI 6 it 4 -184 This work
46-58 —130“ “163 20
68 - 19
1-MeI 104t6 -237 This work
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Fig. 3.17 Arrhenius plot for the reaction between phenylglyoidyl 
ether and 2-ethyl-4-raethyliraidazole
-0 6
-0 8
- 1-0
Lnk'
2-70 2-75 2-80 2-85
1/T(10’3K‘1:
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Fig. 3.18 Arrhenius plot for the reaction between phenylglyoidyl 
ether and 1-methylimidazole
-2-0
Lnk'
-2-5
27 2-92 8
1/ T  (1Cr3 K'1)
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Table 3.13 Variation of first-order rate constant, k*, with 
imidazole used for the reaction between phenylglyoidyl ether and 
the imidazole at 95**C
IMIDAZOLE k’ ( lO’^ min"^ )
imidazole 35.0
2-ethyl-4-methylimidazole 50.1
2-phenylimidazole 55.1
4,5-diphenylimidazole 4.2
2,4,5-triphenyliraidazole 5.2
2-(jo-nitrophenyl)-4,5-diphenylimidazole 3.0
2-(a-methoxyphenyl)-4,5-diphenylimidazole 8.3
2-(£-dimethylaminophenyl)-4,5-diphenylimidazole 13.2
1-methylimidazole 13.8
1,2-dimethyliraidazole 23.5
1-benzyl-2-methylimidazole 11.9
2-methylimidazole 43.7
2-(£-dimethylaminophenyl)-4,5-diraethylimidazole 84.8
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The reaction between PGE and a number of imidazoles has been 
studied at 95°C. The results of this work are shown in Table 3.13. 
As already stated, at this temperature the 1-unsubstituted 
imidazoles studied showed no variation of koes with concentration, of 
imidazole. Hence the k’ values quoted in Table 3.13 are equivalent 
to the observed first-order rate constants, kogs . The k' values 
given for the 1-substituted imidazoles were calculated from the 
plots of 1/koas vs. 1/[imidazole]. Examination of the results 
shows that, as expected, the inclusion of electron-donating groups, 
including a phenyl group in the 2- position, on the imidazole ring 
increase the rate of 1:1 adduct formation, whilst
electron-withdrawing groups, including a phenyl group in the 4- or 
5- positions, decrease the rate of 1:1 adduct formation. This trend 
is shown clearly in the results obtained for the
2.4.5-triphenylimidazoles. The inclusion of a £-nitro- group on the 
2-phenyl- group would be expected to cause a decrease in the 
reactivity of the imidazole by the removal of electron density from 
the tertiary nitrogen through resonance structures of the type shown 
in Figure 3.19. Comparison of the rate constants obtained for
2.4.5-triphenylimidazole, k’=6.2x10"^min“^ , and 2-(£-nitrophenyl)-
- 2 -14.5-diphenylimidazole, k’=3.0x10 min show this to be the case.
The inclusion of a £-dimethylamino- group on the 2-phenyl-
group would be expected to cause an increase in the reactivity of
the imidazole by the donation of electron density through resonance
structures of the type shown in Figure 3.20. The value of the
-2 -1first-order rate constant, k*=13.2x10 min again confirms this.
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Although the £-methoxy- group is Inductively electron- 
withdrawing, it is raesomerically electron-donating (Figure 3.21) 
and, as is often the case, this mesomeric effect is greater than the 
inductive effect, with k’=8.3x10"^ min” ^ .
Fig. 3.19 Some resonance structures for 2-(£-nitrophenyl)-
4,5-diphenylimidazole
Ph Ph
N-H
C
Ph
>  
-4 :N
%
Ph
N-H 4
Ph Ph
> — < N-H
Y -
‘ ''d' ^
/N
N|/
Ph>N
Ph
1+)
Y
Ph Ph
N-H
Y
/  \
Ph Ph\ wTY /
L+) \-4 N-HX
Y
130
Fig, 3.20 Some resonance structures for 2--(£-climethylaminophenyl)-
4,5-diphenylimidazole
H]C CH3
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Fig. 3-21 Some resonance structures for 2-(o^methoxyphenyl)-
U ,5-diphenylimidazole
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With these results in mind it was decided to prepare an 
imidazole which, theoretically, would be more reactive than any used 
so far. The imidazole chosen was 2-(£-dimethylaminophenyl)-U,5- 
dimethylimidazole. This imidazole has inductively donating methyl 
groups and the mesomerically donating 2-(£-diraethylaminophenyl)- 
group. The expected increase in reactivity was seen, with 
k'=84.7x10’^min"^ .
It would be of great interest to study the properties of an 
epoxy resin cured using 2-(£-dimethylaminophenyl)-U,5-dimethyl- 
imidazole and compare. them to, say, the results for the same resin 
cured by EMI.
The reaction between the 1:1 adduct of phenylglyoidyl ether and 
2-ethyl-4-methylimidazole (hereafter referred to as the 1:1 adduct) 
was studied using the spectrophotometric method. Figure 3.22 shows 
a typical plot of ln(At-A<y») vs. time for this reaction. It can be 
seen that there is no induction period to the reaction, and simple 
first-order kinetics are observed. It was noted, however, that 
differing values of the observed first-order rate constant,
were obtained when different concentrations of the 1:1 adduct were 
used. Table 3.14 shows the variation of the observed first-order 
rate constant with 1:1 adduct concentration at a range of 
temperatures. A linear relationship was found between the observed 
first-order rate constant and the square root of the 1:1 adduct 
concentration. This relationship held true over the range of 
temperatures studied (Figure 3.23).
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The rate equation can be written as
-d[PGE]/dt = ko^[PGE] (1)
also ;
1/2-d[PGE]/dt = kR[l;l]- [PGE] (2)
where k^ is the true rate constant for the formation of 
the 2:1 adduct
1/2if (1) = (2), then kossCPGE] =kn[1:1]' [PGE]
1/2that is, kp = ko#/[1:1]
.1/2Thus the slope of the plot of kogs vs. L 1 * 1 ] gives the value 
for kp. The values of kp obtained in this manner are shown in Table 
3.15. Figure 3.24 shows the Arrhenius plot obtained using the kp 
values.
13%
Fig. 3.22 Variation of InCA^-A^) with time for the reaction
obetween the 1:1 adduct and phenylglyoidyl ether at 78 C
-0 5
-M<c
-2 0 600200 400
fime (min)
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Table 3.1% Variation of observed first-order rate constant, 
with concentration of 1:1 adduct for the reaction between the 
1: 1 adduct and phenylglyoidyl ether
T(*C) [1 : l](10'^moll S ( 10“^  min”^ )
78 2.1 5.78
%.6 8.05
6.9 10.30
9.5 12.01
68 1.7 2.98
%.7 5.02
5.8 5.37
7.6 6.32
10.2 7.26
16.% 8.80
62 3.1 3.05
6.0 %.26
11.3 5.7%
17.% 7.18
57 2.6 2.11
5.8 2.85
9.5 3.83
13.8 %.%9
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Fig. 3.23 Variation of observed first-order rate constant,
1/Ïwith [1:1] for the reaction between phenylglyoidyl ether and 
the 1:1 adduct
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Fig, 3.2U Arrhenius plot for the reaction between the 1:1 adduct
and phenylglycidyl ether
/h
Lnk
-5 0 
2- 30
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Table 3.15 Variation of rate constant, kn , with temperature for 
the reaction between phenylglycidyl ether and the 1:1 adduct
T(*C) kRClO'^morl/Z^/^min'l )
78 3.82
68 2. 11
62 1.68
57 1. 16
The values of energy of activation, E =55i4kJinol“^ and entropy 
of activation, ÆS*=-152±11Jmol ^ K  ^ compare with the values obtained 
by Okahashi^^ , who used a similar analysis, of E =50.5kJmol"^ and 
AS^=-l46Jmol^ K’^. The results of both studies have been 
interpreted in terms of the ring opening of the epoxide by the 1:1 
adduct proceeding via a transition state (Figure 3.25) in which the 
nitrogen and the -OH group of the adduct attack the ring 
simultaneously.
Fig. 3.25 Proposed transition state for the reaction between 
the 1:1 adduct and phenylglycidyl ether
H
/R-CH\ CH
O\CHR
2
CH^
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It is interesting to note that the spectrophotometric and
radiotracer kinetic methods give comparable results. For example,
at 85**C, with a 1:1 adduct concentration of 0,05moll~^ , the observed
first-order rate constant using the tracer method,
koac=3*0x10 ^min"^ , compares with that obtained using the
-2 1spectrophotometric method, k^ g5 =2.3x10" min"'.
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CHAPTER FOUR
EFFECT OF EPOXIDE STRUCTURE ON. THE KINETICS OF. CURE
4.1 Introduction
4.2 Experimental
4.2.1 Materials
4.2.2 Radio-tracer kinetic method
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4.1 INTRODUCTION
In the previous Chapter the effect of changing the imidazole 
structure on the kinetics of the curing reaction was studied. 
Phenylglycidyl ether was chosen as the model epoxide because of its 
close resemblance to the diglycidyl ether of bisphenol A, the most 
widely used commercial epoxide. However, many other types of
epoxide are used commercially. These include aliphatic epoxides 
such as epoxidised polybutadiene (I), cycloaliphatic epoxides, such 
as vinylcyclohexene dioxide (II) and bis(2,3-epoxycyclopentyl) ether 
(III), glycidyl amines, such as diglycidylphenylamine (IV) and 
aliphatic glycidyl ethers such as the diglycidyl ether of ethanediol 
(V).
H2C^
0
/ O x  
CH— CH2
( II
(I
0 0
(III)
/ 0 \
N f  CH2CH— ^ ^ 2^ 2
IV
/ 0 \  
(CH2OCH2CH— CH2)2
V
For this reason it was decided that a study of the effect of 
the epoxide structure on the kinetics of the curing reaction would 
be appropriate, with representative model epoxides being chosen.
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4.2 EXPERIMENTAL
4.2.1 MATERIALS
The epoxides used were obtained from commercial sources, with 
the exception of (m-trifluoromethylphenyl)diglycidylamine which was 
donated by Dr. P.Johncock, R.A.E. Farnborough, and their purity 
checked by ^Hnmr spectroscopy prior to use.
4.2.2 RADIO-TRACER KINETIC METHOD
The experimental method used was the same as that previously 
described in Chapter 3.
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4.3 RESULTS AND DISCUSSION
Imidazole was chosen as the standard curing agent in this part 
of the study because of the ease with which [2-^H]-imidazole could 
be obtained with high specific activity.
The reaction between imidazole and a number of epoxides was 
followed at 95*C. It was found that at this temperature there was 
an induction period to the reaction for all the epoxides used except
1.1.1-trichloropropene oxide. The length of the induction period 
varied with the concentration of imidazole used, with an increase in 
imidazole concentration leading to a decrease in the length of the 
induction period, as shown in Table 4.1. The observed first-order 
rate constant, koas » was found to vary with the concentration of 
imidazole used, with the exception of phenylglycidyl ether and
1.1.1-trichloropropene oxide. Table 4.2 shows the variation of koos 
with imidazole concentration at 95°C for the range of epoxides 
studied. The data is shown graphically in Figure 4.1. For the 
diglycidyl ether of bisphenol A only the rate constant obtained at 
an imidazole concentration of O.OSraoll""^  is given as at higher 
concentrations the viscosity of the reaction mixture increased too 
rapidly for reliable results to be obtained. For those epoxides
showing a variation of koas with imidazole concentration plots of 
1/kocs.s vs. 1/[imidazole] were obtained (Figure 4.2). As with the 
reaction between an imidazole and phenylglycidyl ether at 
temperatures below 95*C, a linear relationship was found for the
reaction of imidazole with 1,2-epoxydecane, styrene oxide, and
(m-trifluoromethyl)diglycidylamine. However, for the reaction
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between imidazole and t-butylglycidyl ether and cyclohexene oxide, 
curved plots were obtained.
Using the plots shown in Figure 4.2 values of k ' were obtained 
from extrapolation of the curves to the y-axis. These values are 
shown in Table 4.3, together with the structures of the epoxides. 
These results follow the general trend of electron-withdrawing 
groups increasing the reactivity of the epoxide, movement of 
electron density from the epoxide ring making attack by imidazole 
more favourable, although the differences in reactivity found are 
not, on the whole, very large. Comparison of the results for 
phenylglycidyl ether and styrene oxide shows that the phenoxymethyl- 
(PhOCHgU^group, which, inductively, is more electron-withdrawing 
than the phenyl- group, causes an increase in the reactivity of the 
epoxide. Replacement of the phenoxymethyl- by the t^butoxymethyl- 
group causes a decrease in reactivity as the oxygen is able to draw 
electrons from the t-butyl- group as well as from the epoxide ring. 
That some electron density is drawn from the ring is shown by the 
fact that ^-butylglycidyl ether is more reactive than 
1,2-epoxydecane. This epoxide is less reactive as the epoxide ring 
will draw electron density from the alkyl chain. Cyclohexene oxide 
is much less reactive than 1,2-epoxydecane due to the steric 
hinderance encountered by the attacking epoxide molecule. The most 
reactive epoxide was found to be 1,1,1-trichloropropene oxide in 
which the highly electron-withdrawing trichloromethyl- group is in 
close proximity to the epoxide ring.
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Table 4.1 Variation of the length of induction period with 
concentration for the reaction between imidazole and a 
range of epoxides at 95°C
EPOXIDE [IMIDAZOLE]
(10"^moll ’ )
INDUCTION PERIOD 
(min)
1,2-epoxydecane 5.0 90
7.5 70
34.1 20
63.6 5
85.0 -
cyclohexene oxide 10.9 180
13.4 130
20.2 60
40.9 20
82.5 5
styrene oxide 5.0 110
10.0 90
29.6 40
59.3 10
82.8 5
Table 4.1 Continued...
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EPOXIDE [IMIDAZOLE] 
do'^moll"^ )
INDUCTION PERIOD 
(min)
t-butylglycidyl ether 5.0 50
16.3 30
25.3 20
81.3 5
(m-trifluoromethyl- 5.0 20
phenyl)diglycidylamine 17.2 —
24.3 -
51.2 -
74.5 -
phenylglycidyl ether 5.0 10
25.0 -
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Table 4.2 Variation of observed first-order rate constant, kna* 
with concentration of imidazole for the reaction between imidazole 
and a number of epoxides at 95*C
EPOXIDE [IMIDAZOLE]
(10“^ moir^ )
koas
( 10 ^min  ^)
phenylglycidyl ether 5.0 35.2
25.0 34.8
1,2-epoxydecane 5.0 1.51
7.5 2.23
34. 1 7.30
63.6 12.72
85.0 13.92
cyclohexene oxide 10.9 1.06
13.4 1.99
20.2 4.05
40.9 4.90
82.5 5.30
styrene oxide 5.0 2.43
10.0 4.43
29.6 9.78
59.3 15.46
82.8 17.02
Table 4.2 Continued...
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EPOXIDE [IMIDAZOLE]
( lo'^moll ^ )
ko85 
(lO'^min'l )
t-butylglyoidyl ether 5.0 2.34
16.3 9.41
25.3 12.73
81.3 21.42
(m-trifluororaethyl- 5.0 7.7
phenyl)diglycidylamine 17.2 25.0
24.3 32.5
51.2 39.8
74.5 43.5
1,1;1-trichloro- 5.0 82.6
propene oxide 17.6 82.8
diglycidyl ether of 
bisphenol A
5.0 30.7
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Figure 4.1 Variation of the observed first-order rate constant, 
with [imidazole] for the reaction between imidazole and
100
80
60 
^obs
10-2min1)
Curve 1: 1,1,1-trichloropropene oxide
2; (m-IrifluoromethyIphenyl )-diglycidylamine 
3: phenylglycidyl ether 
4: t “ butylglycidyl ether 
5: styrene oxide 
6: 1,2-epoxydecane 
7: cyclohexene oxide
-+
20 40 60
[ imidazole ] (10'^ mol 0 ) —
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Figure 4.2 Variation of l / k ^ ^ w i t h  1/[imidazole] for the reaction
between imidazole and a range o f  epoxides at 95*C.
(min)
0
1/[imidazole] (Imol'^)
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Table 4.3 Variation of rate constant, k ', with epoxide structure
for the reaction between imidazole and an epoxide at 95
EPOXIDE STRUCTURE k' (10 "^ min"^  )
phenylglycidyl ether ^ 0CH2C H - C H 2 35.0
diglycidyl ether of 
bisphenol A W  > 0CH2CH— CH2)7 
' \ o /
30.7
styrene oxide Ov"' 27.6
t-butylglycidyl ether (CH^)^C0CH2CHj^CH2 29.9
1,2-epoxydecane G8H17C H - C H 2
^0'
23.0
Table 4.3 C o n t i n u e d ...
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EPOXIDE STRUCTURE k*(lO'^min ’ )
cyclohexene oxide .0 6.7
1,1,1-trichloro- 
propene oxide :i3CCH— CH? 82.7
(m-trifluoromethyl- 
phenyl)diglycidylamine
NfCH2 CH— CH2 )2
CF3
51.3
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These results are consistent with those obtained when the 
imidazole was varied (Chapter 3). In that Chapter it was shown that 
the addition of electron-donating groups to the imidazole increased 
its reactivity, with the increased electron density in the ring 
making attack by the nitrogen lone pair more favourable. It 
follows, therefore, that the removal of electron density from the 
epoxide ring, through the presence of electron-withdrawing groups 
would also make attack by the imidazole more favourable.
It is important to remember that any changes made to the 
structure of the epoxide are likely to have an effect on the 
mechanical and electrical properties of the cured resin, and, 
therefore, any benefits derived from an increase in the rate of cure 
must be balanced against the possible deterioration of these 
properties.
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5. 1 INTRODUCTION
Epoxy resins are used extensively in industrial applications 
where adhesive bonds are required similar in strength to those 
obtained by, for example, welding. They are required to cure 
quickly and handle as one-pot compositions (i.e. the epoxide and 
catalyst are stored as a mixture rather than as two separate 
packages that have to be mixed prior to use). This means that the
composition must have a stability of at least several months at
ambient temperature.
Imidazoles are used as epoxy curing agents because of both 
their fast catalytic action and also the good mechanical properties 
they produce in the cured resin. However, unmodified imidazoles 
have low stability when mixed with epoxides (cure occurs slowly at 
room temperature) and are, therefore, unsuitable for use in one-pot 
compositions, A great deal of work has been carried out into ways
of stabilising the imidazoles for use as latent epoxy curing agents,
A particularly successful method has been the utilisation of 
metal-imidazole complexes^” ^  . Metals from groups I-A, II-A, II-B, 
III-A, IV-A, IV-B, V-A, V-B, VI-B, VII-B, and VIII of the periodic 
table have all been used to prepare such complexes, which have shown 
stability at room temperature and a rapid cure rate at elevated 
temperatures. Most metal-imidazole complexes are crystalline 
materials with very low solubility in common epoxides'^ 
Solubility of the curing agent in the epoxide is very desirable, as 
heterogenous dispersions are liable to settle out or agglomerate on 
storage. It is also useful to be able to form a solution containing
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the epoxide and curing agent for the manufacture of pre-impregnated
4fibre composite materials. Barton found that both the 1:1 and 
2:1 adducts of phenylglycidyl ether and 2-ethyl-4-methylimidazole 
could be complexed with a variety of metal salts and, in most cases, 
these complexes were soluble in epoxides and organic solvents, 
relatively unreactive at room temperature, but effective curing 
agents at higher temperatures. Although some work has been carried
3out concerning the ’latency’ of imidazole complexes there has 
been no kinetic study of the curing reaction involving these 
materials.
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5.2 EXPERIMENTAL
5.2.1, PREPARATION OF COMPLEXES
The metal complexes used in this study were all prepared using 
the same basic method. The metal salt (0.01 moles) was dissolved in 
absolute ethanol (10ml). To this solution was added a solution of 
the 1:1 adduot of phenylglycidyl ether and 2-ethyl-4-methylimidazole 
(0.04 moles) in absolute ethanol (5ml). The mixture was heated 
gently, with stirring, for approximately one hour. The solution was 
gravity-filtered and the volume of the filtrate reduced using a 
stream of nitrogen. The complex was precipitated from solution by 
the addition of diethyl ether and was then washed several times with 
a 2:1 mixture of diethyl ether and absolute ethanol. The complexes 
were dried under vacuum at room temperature for several days.
5.2.2 ULTRA-VIOLET SPECTROPHQTOME.TRI.C KINETIC METHOD
The metal complexes used were all soluble in phenylglycidyl 
ether at the reaction temperature used. The required amount of the 
complex was dissolved in phenylglycidyl ether (1ml) at the desired 
reaction temperature. A portion of this solution was placed in a 
u.v. cell, having a pathlength of 1mm and held in an electrically
3heated cell block, and the change in absorbance at %=60nm with timeA
monitored.
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5.2.3 MEASUREMENT OF DIFFUSE REFLECTANCE. SPECTRA
The complex was finely ground and placed in a cell having a 
silica window of high optical clarity. This cell was placed in a 
Beckman Acta MIV spectrophotometer and the diffuse reflectance 
spectrum obtained between 40,000 and 5000cm~^ .
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5.3 RESULTS AND DISCUSSION
Table 5.1 shows the expected and obtained elemental analyses 
for the metal complexes prepared. Examination of the results show 
that the complexes are all of the type M(1:1)^X2 (where M=Co, Ni, or 
Cu and X=C1 or NO3).
Table 5.2 shows the positions of the maxima obtained from the 
diffuse reflectance spectra. The results shown for both copper 
complexes are typical of copper ions in a tetragonally-distorted 
octahedral environment, in which the 1:1 adduct ligands lie on the 
x-y plane with the anion above and below (Figure 5.1) as has been
found with Cu(4-methylimidazole)^ (N02)2  ^ and also with 
Cu(imidazole)^Cl2 (^  = 32,360vs and 16,390s cra"M ^ and
Cu(imidazole)^(NO )2 (ü = 32,260vs and 18,450s cm"M^ , although the 
lower values obtained for the positions of the maxima suggest a 
rather weak field, probably caused by the bulkiness of the 1:1 
adduct.
Fig. 5.1 Tetragonally-distorted octahedral structure of Cu(l:1)^X2
X
1.1. X=CI,N03 -11 Me
Cu' /:^  1-1= >CH2ÇHCH20Ph1 : 1 ^  ^ 1 : 1  OH
X
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The results shown for both cobalt complexes are typical of 
cobalt ions in a tetrahedral environment (Figure 5.2) with, again, 
the bulkiness of the 1:1 adduct causing weak crystal field 
splitting. This can be seen by comparison of the spectra obtained 
with that of tetrahedral Co(imidazole)2Cl2^ , which has maxima at 
16,260 and 7549cm  ^.
Fig. 5.2 Tetrahedral structure of Co(l: 1)^X2
1.1 
,Co
1:1-" 1 ^ 1:1i1.1
2 +
(X')2 X= Cl.NOg
Octahedral and six coordinate nickel(II) complexes exhibit a 
simple spectrum involving three spin-allowed transitions occuring in 
the range 7000-13000, 11,000-20,000 and 19,000-27,OOOcm"^  ^ . It
would appear, therefore, that the complex of stoichiometry 
Ni(l:1)^(N02p2 prepared during this study is octahedral, as shown in 
Figure 5.3-
Fig. 5.3 Octahedral structure of Ni(l;l)^(NO )2
N O 3
1:1 1:1
NO3
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Table 5. 1. Elemental analyses of prepared, complexes
COMPLEX ELEMENTAL
EOUND(%)
ANALYSIS
CALCULATED(%)
C o d :  1)^(N03)2 C,58.69;H,6.83;N,11.54 C,58.86;H,6.59;N,11.44
Ni(1: 1)^(N03)2 C,58.60;H,6.36;N,11.59 C,58.87;H,6.59;N,11.44
Cu(1:1)j(N03)2 C,58.71;H,6.43;N,11.62 C,58.64;H,6.56;N,11.40
C o d :  D ^ Cl^ C,61.27;H,6.65;N,9.41 C,6l.52;H,6.90;N,9.57
C u d :  D^Cl^ C,60.99;H,6.71;N,9.38 C,61.28;H,6.87;N,9.53
Table 5.2 Positions of absorption maxima .obtained from 
diffuse reflectance spectra
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COMPLEX POSITIONS OF ABSORPTION MAXIMA(cm"^ )
Cud : 1)4(N03)2 27,328vs ; 15,385s
Cud : D 4CI2 25,921vs ; 13,250s
Co( 1:1)40 0^3)2 15,290vs ; 6,210s
Cod: D 4CI2 I6,000vs ; 7,143s
Nid: 1)4(N03)2 25,640s ; 15,625s ; 9091w
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Table 5.3 Length of induction period, observed first-order rate 
constant, k.oas , and, calculated first-order rate constant, k^, for 
the reaction between various metal-1: 1 adduct complexes and 
phenyl.glycidyl ether
COMPLEX T°C [COMPLEX] 
dO'^moll"^ )
INDUCTION
PERIOD
(min)
koBS 
(10 m^in~^  )
kc
(10"^min  ^)
C o d :  D 4CI2 47 2.99 290 0.31 0.69
8.03 240 0.86 1.13
16.24 280 1.11 1.61
69 3.08 30 2.19 2.57
7.69 35 4.00 4. 12
16.50 30 5.71 6.04
78 2.56 - 3.75 3.86
8.63 - 7.21 7.10
16.84 - 9.85 9.92
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Table 5.3 Continued..,.
COMPLEX 0T C [COMPLEX] 
dO'^raoir^ )
INDUCTION
PERIOD
(min)
ko0s 
do'^min'^ )
kc
( 10~^  min  ^)
C o d :  1)4 (N03)2 47 14. 1 250 0.91 1.50
18.8 270 1.17 1.73
28.6 245 1.65 2.13
69 8.2 25 3.97 4.26
14.6 30 5.36 5.68
29.3 30 7.54 8.04
78 9.2 - 7.41 7.33
15.9 - 9.57 9.63
26.3 - 12.42 12.38
C u d :  D 4 CI2 61 0.85 420 0.36 0.83
1.53 510 0.64 1.12
3.32 470 0.97 1.65
Table 5.3 C o n t i n u e d ...
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COMPLEX T°C [COMPLEX] 
(lo'^moll^ )
INDUCTION
PERIOD
(min)
ko6S
dO'^min"! )
kc
(lO'^min^ )
78 0.85 120 1.12 2.23
1.53 150 2.47 2.98
2.98 160 3.41 4.17
88 0.51 - 3.19 2.83
1.28 4.56 4,52
2.56 6.27 6.39
Cu (0;0)4(N03)2 61 1.27 480 0.51 1.02
5.69 460 1.73 2.16
12.21 490 2.40 3.16
78 1.16 120 1.57 2.60
5.62 120 4.14 5.73
12.25 140 7.66 8.46
88 1.52 - 4.79 4.94
7.91 - 11.32 11.26
13.60 - 14.81 14.76
168
Table 5.3 Continued.,.
COMPLEX T®C [COMPLEX] 
(ICT^moll'^ )
INDUCTION
PERIOD
(mln)
koas 
( lO"^ min~^ )
kc
( 10“^ min"^ )
N i d ;  1)^(N03)2 61 2.3 190 0.96 1.37
10.7 160 2. 12 2.93
24.it 170 3.79 4.47
69 3.4 70 2.28 2.74
14.6 90 5.1 5.68
27.2 80 7.19 7.75
83 1.7 - 4.07 4.11
15. - 12.13 12.20
20.1 - 14. 14. 12
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Fig, 5.^ 1 Variation of ln(A^ -Ap,) with time for the reaction between 
phenylglycidyl ether and Co(1:1)^(N0 )^2 at a range of temperatures 
[Co(1:1)^(N03)2] = l4x10"^moll^
0 0
•O'
O,
T=47C
vT=69°C
T=78 C
- 2(1 200 400 600
time (mln )
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Fig. 5.5 Variation of ln(Aj,-A^) with time for the reaction between
phenylglycidyl ether and CuClilï^CNOg^g at a range of temperatures
-3[Cud: 1)4 (1102)2 ] = 12x10 ''moll
O'O
-10
8
<I
-20.
—  O '
" o
o - o
0 ^ 0
o\T=79°C
(T=88°CO\
J=6fC\ O
o \
0 200 400
time (mini ----------^
600
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Fig. 5.6 Variation of ln(Aj.-A^ ) with time for the reaction between 
phenylglycidyl ether and Niflil^^CNOgXg a range of temperatures 
[Ni(1: 1)4(N02)2] = 1%xT0"'^moll^
0-
-10
8
<
c
-2 0,
~o
' O
\o
o T=61°C
o
J= 69°C
O
0 200 400 
lime(min)-------------^
600
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The results of the kinetic experiments carried out using the 
complexes are shown in Table 5.3 and Figures 5.4-5.6. Examination 
of the results yields several points of interest. There is a
temperature-dependent induction period to the reaction. Increasing 
the reaction temperature was found to decrease the length of the 
induction period in all the cases studied. The length of the
induction period also depended on the nature of the metal ion. For 
instance, at 6l*C the average induction period seen using
Cu(1:1)j(N0g)2 was approximately 480 minutes, whilst for
Ni(1:1)^ (N03)2 it was 170 minutes. Also, at 69*C the average 
induction period seen using Ni(1: 1)^(N03)2 was 80 minutes, whilst 
for Co(1: 1)^(NÜ2)2 it was approximately 30 minutes. The nature of 
the anion seems to have little effect on the length of the induction 
period, as can be seen from the results obtained for Co(1 ; 1)^(N03)2» 
Co(1:1)^Cl2, Cu(l:1)^(N0g 2^ CuClzlj^Cl^, at a range of
temperatures. These results can be interpreted in terras of the 
stability of the complexes at a particular temperature. The 1:1
gadduct, like other imidazoles , coordinates to the metal through 
the pyridine-type tertiary nitrogen. It is the lone pair on this 
nitrogen which is the epoxide-attacking species, thus whilst the 1:1 
adduct remains complexed to the metal no reaction can occur. 
However, when removed from the complex the 1:1 adduct will be able 
to react. It would appear that, at a given temperature, a 
particular complex has a definite lifetime during which it is stable 
and no reaction occurs. After this period the complex begins to 
break down and reaction can occur. Increasing the temperature 
decreases the stability of the complex and, therefore, decreases the 
length of the induction period, until a temperature is reached where
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breakdown of the complex is almost instantaneous and no induction
period is seen. The order of stability seen, with
Cu(II)>Ni(II)>Co(II) is as would be predicted from the
9spectrochemical series . Table 5.3 shows the observed first-order 
rate constants, ko&g, and the first-order rate constants expected 
from the use of an equivalent concentration of 1:1 adduct, kc. 
These values were calculated from the Arrhenius plot for the 
reaction between the 1:1 adduct and phenylglycidyl ether (Figure 
3.24) and the k^ values (Table 3.15) for the same reaction. As can 
be seen from Table 5.3, there is a large difference between koBS and 
kg at lower temperatures, which decreases until, when no induction
period is seen, there is no significant difference between the rate 
constants. This is probably due to the fact that at the lower 
temperatures there will be an equilibrium between free and complexed 
1:1 adduct. Thus the effective concentration of 1:1 adduct 
available for reaction will be reduced and koai will be lower than 
expected. At higher temperatures, the equilibrium will be shifted 
towards free 1:1 adduct (as the complex is less stable) and kggy
will approach kg.
The results show that the imidazole-metal complexes studied are 
good latent curing agents, even when subjected to reasonably high 
temperatures. Further studies should include the use of a wider 
range of metal ions and also other anions, with the aim of producing 
a soluble complex without the need of using an imidazole such as the 
1:1 adduct, A less bulky ligand would lead to a stronger ligand 
field, and a more stable complex.
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